THIS  REPORT  HAS  L.EN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


task  force  v 
CONTRACT  N6onr-2oy 
NR  Oio-lll 


syl Vania  state  univ 

Technical  Rer. 

01*1; 

-*■»  T95 3 - June  1.  u 


RSITY 


TASK  ORDER  V 


COHTRACT  N6onr-269 
NR  0.19-111 


SPECTROSCOPI  LABORATORY 
PHYSICS  DEPARTMENT 
COLLEGE  OF  CHEMISTRY  AND  PHYSICS 
THE  PENIiSYLVANLA  STATS  liNTTERSITY 


Technical  Report 
for  th©  period 
June  I,  1953  - June  1,  19f>U 


Physics  Staff 


SCIENTIFIC  PERSONNEL 


D»  Ho  Rank 

Par  t. 

Time 

Ho  De  Rix 

Part 

Tins 

T,  A.  Wiggins 

Part 

Time 

Jo  Mo  Bennett 

Pari 

Time 

Ho  E„  Bennett 

Part 

Time 

Jo  No  Shearer 

Part 

Tine 

com 


lo  l«type  ii*  C^iL  s nd  KGS,  T.  A.  Wiggins,  J*  N,  Shearer- 

E.  R.  <ShaT..  r-'-'-v  3,  H*  feck 

?■  «■••  ..i  itesan  Spectra  of  Carbon  Suboxide,  H.  D.  Rix 

i -•  '**  Constants  Beieraine-i  with 

Ir*— X * Z"S‘  * . ■ :S'  V’  j £ ’ " i ‘ ,,  - ' f-  :■ 

4,  Pi  tcision  I > a flu-  ' Kja  c>?  miv  /:?!  ~ity  of  Light  Derivea  front  *. 
Spectra  hetiina  *1,  u.  H.  Ranx,  J;  No  Shearer  and  T.  A» 

% Infrared  and  Raman  Spec  «ra  of  I,  i-dimathylhydra*in©  and 

Trimethyihydraz6 7  ns,  E.  R„  Shv\li,  Jo  1.  Wood,  J.  G.  Aston  and 

Dfi  Ho  IvmJc 

6.  Index  of  Hefr^cti.cr  of  Air  in  the  Infrared,  D.  H.  Rank,  J,  N» 
Shearer 

lo  a Simulate  - r.urcfcruai,  *■■■  »•  •dank  end  Jean  Mo  Bennett 

8o  The  Problem  of  °hasr?  ..riati  rn  vith  Wavelength  in  Dielectric, 
kilwiS.  liv  « Interferometric  Standards  into  the 

Infrared,  I,  fl  *%nk  and  ,u  E,  Dennett 


$;’fcyp*  Doubling  In  ^>2^2  811:1  ^CN  # 

A,  Wigpins,  Jo  No  Shearer,  E.,  K*  ShuiXand  Do  Ho  Rank 
Physic  a Department,  *he  Pennsylvania  State  College 
State  College,  Pennsylvania 


f ' "\  ~ jf™\  Abstract- 

<rr"' 

*”•"  A high  resolution  infrared  grating  spectrometer  has  been  used  to 


investigate  ^-t.ype  doubling  of  energy  love  Is  of  the  linear  molecules 
U-,o.0  and  HCN-,  Resolving  purer  of  UiS.COO  was  obtained  at  Linn  em"^ 

*n  K. 

which  permitted  the  resolution  cf  ti  e Q branch  of  v-,  > vi  (2+-n„ )of 
Cpilg  to  J*  * 6 cue  iif le.-ex&e  ::et.»?9a  the  B’  - Btt  value  determined  from 
the  1 branch  and  the  same  quantity  obtained  from  the  P and  R tranche 3 
ci  this  bond  yo.elds  a voluw  of  u ■*  hc?2  k IQ*^  ca”\ 

Tae  doublet  structure  in  the  difference  band  0.1AC>-*01“'2  (n— »ar) 
of  HCK  has  been  resolved  xcr  J»7*6  ix.  tie  R branch  and  J*^10  in  the 
P branch-.  This  r-jt-n  band  is  treated  as  two  band*  y*  th  slightly 
.iif  fareno  molecular  constants*  Valuation  of  rotational  constants  shows 
thrt  different  a values  sue  cbtairer  for  the  + and  - components  of 
these  I states.  The  differs oce  in  frequency  between  lines  of  equal  J» 
in  the  000~— frQC-2  ail  0l',fW..01'l'2  bands  is  shown  to  be  a quadratic 
fv/ntian  of  J*«  Ahe  value  obtained  for  q*  was  1 x 1C”^  eni  0 


research  was  assisted  by  support  from  Dontract  N6onr-26y  Task  V 
of  the  U»  S.  Office  of  Naval  Pa re arch 
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Introduction 

The  change  in  the  £ values  «uu sad  by  .-ioubling  in  linear 

\ 

molecules  has  been  observed  and  de&eribed  by  Hersbargo 


1.  Go  Hersberg,  RfiVo  Mod0  Phys,  xu«  21V  (1942  »* 


unvo 


Making  use  of  high  reS'jiKVion  and  precis;'  me  i»K*UiS  ~-7. 
length  recently  developed  in  this  laboratory  it  has 


bnew 


2,  Do  H,  Kank,  E„  P.  Shull,  J K„  Bennett  and  T0  a„  ’Wiggins,  (In  Press) 0 


to  investigate  .^-doubling  in  linear  molecules  in  more  detail 0 It  will  be 
shown  that  some  of  the  assumptions  usually  made  in  the  analysis  of 
jr-y*;  bands  are  not  justified  and  that  more  constants  are  required  to 
give  an  adequate  description  of  these  bands o 

2 

The  spectrometer  has  been  described  completely  elsewhere 0 It  is 
sufficient  to  stats  that  an  eight  inch  15,000  Unas/ Inch  JBausch  and  i ; 
plane  oransfer  grating  was  used  double-passed  with  ten  meter  optics  The 
signal  from  the  Eastman  FbS  detector  was  fed  into  a Baird  phase- sensitive 
amplifier,.  Uniform  scanning  of  the  spectrum  was  accomp dished  making  use 
of  a sliding  wedge  prism  arrangement,,  MIO  pl«  cision  of  relative  fr. 
quency  measurement  of  the  line  sin  the  P and  H branches  of  the  1100  era" 
band  of  and  the  *hotB  band  lines  of  HCN  at  6500  is  *C,>005  em”\ 
The  precision  obtained  in  measurement  of  the  lines  of  the  Q branch  of 
vl+v5  ^2^2  anc*  Hnss  °f  the  002  band  of  HCN  was  considerably  My  f - 


(3) 


Resolution  of  11*5*000  was  obtained  ir.  tha  case  of  the  Q branch  of 
the  G0H2  band,  Itiecretical  resolution  with  the  slit  widths  used  was 
175*000,  “The  absorption  tube  had  a length  of  320  onto  It  was  necessary 
to  reduce  the  pressure  in  the  ca»e  of  the  acetylene  band  to  1,3  mm  of  ’ir 
V-  ach.'  ev«  - harm  r'solrtlon.  HhB  resr.ilui.iim  obtained  with  the  HCN 


. ( '?■ . 


. - is  ^onsWuat  lower  since  it  was 
ro  develop  the  "'  v'  ” 


necessarv  to  w>  a pi-:>ssu‘-j 
1 w ith  ooffieien 


Acetylene 

The  perpendicular  band  v-,  ♦ -jn  l5)  of  acetylene  at  h092  cm  ^ 

Vs  been  measured  to  3how  tns  difference  bs tween  the  B J values  obt&ined 
f :TZ  the  Q branch  compared  to  that  obtained  from  the  P and  R branchSBo 

3 

■is  effect  of  doubling  has  been  observed  and  explained  by  nerzberg 
He  has  shown  that  due  vo  tha  selection  rules  the  n”  levels  of  the 
upper  vibrational  state  are  involved  in  the  Q branch  transitions  while 
the  a*  level?  are  involved  in  the  production,  of  the  1*  and  R branches » 

With  the  resolution  available  it  has  been  possible  to  resolve  the  C] 
branch  *»o  that  a value  for  can  be  founds  where  ueno  as  the 

eerier  • for  the  n“  levels  of  the  upper  state a The  branch  of  this 
p^rcendicular  band  is  shown  in  Figure  I*  Intensity  alternation  is 
shown  with  ti-e  anti- symmetric  levels  (odd  values  cf  J")  having  the  greater 
v*>ight„  Resolution  to  Ju  « 6 is  shown.  It  would  require  theoretical 
re. solving  power  to  resolve  the  Ja  ■*  5 line. 

If  we  neglect  the  effect  of  the  D correction  tansu  we  can  writs 
the  expression  representing  the  frequencies  of  the  Q branch  as  follows ; 

V » VQ  - Bi  -tr(B«  - n:,)j(j4l.)  J*s  0 (1) 


A plot  of  the  measured  frequencies  in  this  hranch  v ere us  J(J+1)  is  Bhown 
in  figure  2,  Since  tfcs  plot  of  this  experimental  data  shows  no  trace 
of  curvature  it  cz.\  be  seen  that  the  assumption  regarding  D is  amply 
justified.  ha  deviations  .from  '•he  least  squares  fit  of  it's  data  are 
shown  in  the  upper  portion  of  ff*  we  2.  the  av  erage  deviation  was 
found  to  be  -0,002  c*r\ 


If  we  make  the  assumption  ths.t  the  expression  for  the 

f requeue,  ten  of  fhs  lineeof  the  ? and  it  branches  of  thiB  band  becomes: 
v - - (31  •*  T })  i.  f3t  4.  B"  - 2155*1  4.  (B»  - 3"  r 2D) a2  - liDm3  (2) 

where  m » J ♦ 1 for  tbs  R branch  and  -J  for  the  P branch. 

The  frequencies  of  eight  lines  out  to  J"  = 1?  in  the  P and  R branches 
of  this  band  wero  measured  making  use  of  th*;  second  order  i.PPji  Fabry- 
Perot  white  line  frizzes  as  wave  length  standards.  The  measured  lines 
wars  fitted  to  Equation  2 by  least  scuaroti.  The  average  deviation  was 

V -1 

-0.003  cm  o W'e  have  obtained  t ie  following  molecular  constants  for 

=1 


this  band  stressed  In  cm  j 

B"  - 1,17658 
B«  *■  1. 16952 
B-  » 1. 17621; 


v + ■«  U092.3U 
*i0_  - U 092 ,37  , 

q'  * ii , 72  x 10“ 3 


D 1.0  X 10 


These  constants  can  be  conparaci  with  previous  work  on  acetylene, 

3 -1  U 

Herxberg  quotes  a value  of  B"  » 1.17692  cm  . Bell  ana  .Nielsan 


3o  G.  Herzberg,  Infrared,  and  Raman  Spectra  (D.  Van  Nostrand  0oo»  19ii5)p,398 
Uo  E.  is.  Bell  and  H.  H.  Nielsen.  J.  Ghem.  Phys.  18,  1392  (1950). 

obtained,  a value  of  BJ,  - B"  •»  -0,0078  conparad  with  -0.00706  cm“^ 


obtained  in  the  present  investigation 
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Hydrogen  Gy&nide 

n 1 

The  difference  band  01A0  A 01  2 (n  ♦ n)  associated  with  the  000  + 002 
band  of  HCN  has  been  observed  under  sufficient  resolution  to  resolve  the 
/-doublets  in  the  R branch  for  JKi-6  and  in  the  ? branch  for  Ja^10o  The 
lines  of  the  OOO  -a  002  band  of  HCN  have  been  measured  recently  in  this 
laboratory  by  Yost'  with  a precision  comparable  to  that  obtainable  in  the 

5*  S,  L.  Yost,  Mo  3.  Eiosisj,  Tbs  Pennsylvania  State  College,  June,  1953 

photographic  infrared.  Aha  work  of  Yost  ahowad  that  no  rotational  perturba- 
tions appeared  in  this  band.  B"  has  recently  been  investigated  with  high 
6,7 

precision.. 

6.  D.  Ho  Rank,  R.  P.  Ruth  and  K.  L.  Varsder  Sluis,  J.  Opt.  Soc.  Am.  1*2, 

693  (1952).  ~ 

7.  A-  E.  Douglas  and  D.  Shariaa,  J.  Chem.  Phys.  21,  14*8  (1953). 

f 

We  have  measured  20  lines  in  the  002  band  by  the  Method  of  Exact  Orders. 
These  lines  are  listed  in  Table  I and  are  larked  with  an  asterisk.  There  is 

ntd.il  probably  a small  systematic  error  in  these  measurements  womewhat  less 

-X 

than  0. 010  cm  across  the  complete  P branch.  We  shall  as  suit©  the  »«icrcwave 
B"  to  be  1.1*7823  cm~^  snd  B*  to  be  1.1*5691  cm  \ which  at  the  present  time 
are  the  most  probable  values  of  these  constants.  The  remaining  lines  of  the 
002  band  listed  in  Table  I have  been  obtained  by  interpolation  between 
measured  lines  = The  frequencies  of  the  lines  of  the  002  band  thus  determined 
wisre  used  as  standards  for  measurement  of  the  n - n band  lines.  The  results 
of  these  measurements  are  compiled  in  Tablet  I,. 


(0k 
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Da termination  of  ij 

7 

On  the  oasis  Qt  ..to®  theory  presented  by  Douglas  and  Sfcarma  the 
frequency  separation  of  the  2 -doublets  in  a it  » n band  is  given  bys 

Av  ® q*  (n^*  m - 1)  - qM(m^  - m - 1)  (3) 

where  ai  ■ - J for  the  P branch  and  J + 1 for  the  R branch,  q'  » Bj,  -»  B| 

sud  q*  * B*  - BJ«  Making  use  of  the  direct  aeasuramt,..  i ' ? q'  c 7 «?  x 10"*  cnT^ 
by-  Shulisan.  ai jd  Townes0  bar  microwave  methods,  th?  ” - r .»**  , i «*  * 

O.  Re  G.  --  "•  • do  He  . »S1~.  - ..  -a  . ’ (1  , 1'2‘i  I>50;.. 

aide  of  Equation  3 can  be  calculated  for  each  doublet.  In  Figure  3 we  have 
2 2 

plotted  Aw  ♦ q"(m  - m -1)  vs.  {m  + m - 1)„  The  least  squares  treat-srant  of  this 

data  yielded  q'  ■ 7. 76x10”''*  cm  X . It  was  found  necessary  in  making  the  plots 

in  Figure  3 to  consider  tha  doublet  separation  to  be  negative  in  the  P branch 
and  positive  in  the  R branch  eo  that  both  plots  would  have  tha  proper  inter- 
cepts and  equal  slopes „ 

An  alternate  method  of  analysis  of  tha  ^-doublets  is  possible  which 
should  yield  much  raors  reliable  values  of  q*  - qB  than  the  above  treatment,. 
However,  this  second  method  does  not  giv*  as  precise  an  absolute  value  of 
v’ s q's  as  is  obtainable  from  the  microwave  measurements.  We  can  express  tha 
separation  of  the  ^-doublets  to  sufficient  approximation  by 

p 

Av  « (q*  - cM)m  ♦ (q'  + qa)m  (hj 

A plot  of  the  data  using  Equation  h is  given  in  Figure  i*„  ihs  absolute 


value  of  q is  determined  by  the  absolute  value  of  the  doublet  separations 
which  can  be  subject  to  systematic  error  when  close  line  pairs  are  involved... 
W«  have  put  the  data  to  least  squares  using  only  the  completely  reserved 


”1  -3 

doublets,  i.e.  Av>.17  cm  . From  this  analysis  we  obtain  qM  » 7.59x10 

and  q*  * 7„80xl0“^o  Even  though  the  absolute  value  of  qH  does  not  agree 

exactly  with  the  raicrowave  q"  we  believe  q!  - q“  is  much  more  accurate  than 

the  value  obtained  from  the  use  of  Equation  3»  From  q-  - q!!  determined 

from  Equation  1>  the  moat  probable  value  of  q*  is  7.68  i 1(TJ  cm  c 

Ahs  absence  of  ir  tensity  wiieiiiation  in  the  doublets  such  as  would 

occur  in  a sy.snet-ric  molecule  prevents  a unique  assignment  of  the  linns 

of  the  doublets  to  u given  energy  level,  however,  ou  the  basis  of  the 

required  signs  for  the  doublet  separations  noted  above,  it  is  concluded 

that  the  higher  frequency  component  of  the  R branch  is  associated  with 

the  same  energy  level  as  the  lower  frequency  coup  orient  of  the  P branch 

and  vice  versa.  To  show  this,  an  energy  level  diagram  was  constructed 

9 

similar  to  the  one  shown  by  Herzborg  for  a n •*.  n band.  The  result  is  the 


9. 

See  reference  3,  p.  389. 

10  3 1 

zme  as  shown  toy  Herzberg  for  n * n bands  of  diatomic  molecules o 

10* 

0*  Heraberg,  Spectra  c£  Diatomic  Molecules.  2nd  Edition  (D=  Van 
Nostrand  Go.,  Ufaw  York-  1950)  p.  «?67» 

This  result  differs  from  the  diagram  ior  linear  molecules  only  in  the  order 
of  the  doublet  components  in  the  P branch.  It  is  concluded  that  the  nT 
(lower  energy)  levels  are  associated  with  the  higher  frequency  doublet 
component  in  the  P branch  and  the  lower  fi^equency  component  in  the  P. 
branchj  the  t~  (higher  energy)  levels  with  uhe  lower  frequency  doublet 
component  in  the  P branch  and  the  higher  frequency  component  in  the  R 


branch 


(8) 


ft 


m 
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Since  aa  was  noted  above  the  energy  levels  are  double  in  a states, 

we  actually  have  two  sets  of  rotational  constants  and  effectively  a n ■*  n 

band  is  two  bands  which  are  almost  identical,  Wa  shall  call  one  of  these 

bands  n"*1  and  the  other  n-„  If  we  assume  D*  * D"  for  these  hot  band £.  i y 

frequencies  of  the  ‘ band  lines  can  be  expressed  by  the  following  equation* 

*h  - voh  - <B£  - Bg)  ♦ (B£  - Bg  ♦ 1*%)®  * (B£  - B£)m2  - in^ra3  (5) 

ft  fit  of  the  band  lines  by  means  of  least  squares  was  performed,  Hie  fit 

gave  an  average  deviation  of  - Q»C XD?  cm"3, 

7 

Douglas  and  Sharaa  have  pointed  out  that  it  should  be  possible  to 
determine  u0  from  the  difference  in  frequency  cf  "hot”  and  !,rcld»  -irri 
lines  (average  frequency  of  X-doufclets)  of  the  same  J,  The  attest  of 
these  authors  to  evaluate  an  in  this  manner  from  the  003  band  and  its 

C. 

accoTpanying  "hot"  band  was  unsuccessful  and  perplexing,,  We  have  mads 
an  attempt  to  perform  the  same  typo  of  analysis  as  Douglas  and  Sharn-a  on 
the  002  band  and  its  accompanying  hot  band  with  even  more  perplexing 
results.  Since  our  relative  frequency  measuromerits  were  considerably  •nor*' 
accurate  than  those  mails  in  the  photographic  infrared,  our  scatter  ox  poinca 
was  much  smaller  than  that  obtained  by  Douglas  and  Sharma,  The  plot  of 
the  difference  between  the  frequencies  of  the  "cold"  lines  and  the  average 
frequency  of  the  appropriate  doublets  versus  a yielded  a smooth  curve  instead 
of  the  straight  line  predicted  by  first  order  theory. 

The  difference  between  tne  frequencies  for  the  same  value  of  J in 
the  "hot"  and  "cold"  bands  can  be  shown  to  bet 

we  - vh  B voc  “ v0h  + ®h  " ®h  * (a,+o")a  + (o»  - o.”)*  ( 6 ) 

Xhe  quantities  »c  - are  plotted  versus  m in  Figure  5 for  the  * and  - 

hot  bandj  and  also  for  the  average  of  the  + and  - bands,.. 


(9) 


The  saoleeular  constants  for  the  n+  and  % bands  have  been  determined 

applying  feast  squares  methods  to  the  data  using  Equation  $ and  Equatic  6. 

In  addition,  the  conventional  AjP"  method  was  used  for  the  n+  and.  rt*  bands 

and  also  for  the  average  of  the  two  bands.  The  results  are  summarised  in 

Table  2„  The  fifth  figure  beyond  the  decimal  point  has  little  significance 

and  is  carried  as  an  inferior  number.  The  agreement  with  the  results 

_ 7 1 

obtained  by  Douglas  and  bbarraa  for  the  01  0 state  average  its  excellent. 

It  should  bo  pointed  out  that  our  analysis  shows  unequivocally  that  the 

v*  and  it  states  yield  g_  values  of  a completely  different  order  of 

1 

magnitude.  It  also  appears  that  the  a,,  value  for  the  01  2 state  is 
slightly  larger  than  that  for  the  Cl~0  state. 

tfa  are  indebted  to  Dr.  A.  K Douglas  of  the  National  Research  Council 
at  Ottawa  for  pointing  out  a sysuemaui-  error  in  our  firs  , measurements 
of  this  band  and  supplying  us  with  his  extensive  A^F"  vai  se  obtained 
from  numerous  "hot"  bands  in  the  photographic  infrared.  >a  arc  also 
grateful  to  Jesn  Mr  Bennett  for  perf:i'nJ.ng  a large  part  of  the  least 


squares  calculations 
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Table  I«  Frequencies  in  vacuum  wave  numbers  in  two  bands  of  HCN 


a 

wc 

V 

n 

V» 

e* 

l 

% 

(000  $ 002) 

(01  0 - 

01  2) 

r*. 

-26 

6429.277* 

tT 

Ok 

w 

«* 

#* 

_ 

~24 

37.208* 

- 

- 

“23 

41.116* 

-c 

- 

-21 

48.30?* 

- 

• 

• 

-20 

52.593 

6413.691 

6413.910 

-0. 215 

_■>  r- 

56.338* 

17.422 

17.632 

“.210 

-18 

60.046* 

•. 

- 

a 

-17 

63.712 

24.793 

24.982 

191 

-16 

67.335* 

28.409 

28=594 

.1-35 

-15 

70.913 

31.986 

32.156 

3?0 

-14 

74.459* 

35.529 

35.679 

,150 

77.958 

39.031 

39.183 

.152 

-12 

81.415* 

42.489 

42.615 

.126 

-n 

84.832 

45.922 

46. 029 

.107 

-10 

88.207 

49.294 

49.399 

.105 

8 

94.832 

6455.972 

. 

- 7 

98.082 

59.221 

- 6 

6501.290 

6?, 

414 

• 

- 5 

04.457 

65.586 

•V 

- 4 

0/.562 

68.716 

-M 

- 1 

16.704* 

- 

- 

Q 

19.661 

80.771 

- 
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Iteasured  xrequencies0  The  other  frequencies  in  this  band  are 

cOi"iput“d  o 
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Table  II. 


Sotational  constants  of  01*0  * 01*2  bands  in  vacuum  wave  nurture 
determined  by  differsav  methods* 


a*  Band 


Constant 

V" 

B" 

1.1*7870 

B' 

o* 

- .00057 

a* 

vo 

- 

Sqn*  (5) 

£qn„  (6) 

1.1*7868 

1. 1*57  83 

-0.00097 

*0.00025 

-0.0001*5 

-0.00006 

61*80.  nQ7 

61*80. 8(29 

T\  t 
U ' 

a" 

a* 


n Band 


1.1*8519 

-0.006?6 


lv  1*8503 
1.1*61*1*1* 
-0. 00680 
-0- 00753 
61*80.810 


-Q.  006,91 

-Or,  0071+6 

61*3o08o6 


B*’ 

B" 

aM 

a* 

D“ 


JJGUbld  fc  Av'dragd 


1.1*8191* 

-0*00372. 

3.1*0x10”^ 


1.1+8185 

1.1*6116 

-0.00363 

-o.ool^5 


si(l)  calc.  61*80.767 

W(l)  Ohs.  61*8 0.771 


-0. 00333 
-0.00376 
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Figure  1 


Fit ure  2 


Figure  3 


Figure  U 


Gaptioru3  for  Figured 

fhe  Q branch  of  C0H,  at  hQ92  era”*.  The  line  J"  ■ 6 

Zm.  «fc. 

is  resolved  showing  resolution  of  11*5*000., 

Plot  of  frequencies  in  the  w branch  of  C0Hg  versus  J(Jel)0 
Hie  upper  plot  shows  the  deviations  between  the  measured 
frequencies  and  a laas  l squares  fit„ 

Splittings  in  the  P arc.  ft  branches  of  the  n ■»  n banc1  of 

“1 

HCM  at  oqol  era  <.  -Mie  frequency  difference  between  the 
do  lib  lets  is  added  ;o  t a quantity  qn  (ra'b*  m • 1)  and  t.::s 
sura  plotted  versus  ♦ m - 1),  Ine  separation  in  the  P 
branch  :is  cake  n to  be  negative,  a .i  the  P branch  tc  P. 
posi  ti  ve 

Plot  of  tha  dourlat  separation  Av/a  versus  n for  the  .linos 
1 1 

of  the  Ol  0 c Ql  2 bard  of  HGN.»  The  points  indicated  by 

X were  not  used  in  the  dr termination  of  q„ 

The  difference  between  frequencies  hi  the  000  002  bend 

1 1 

and.  the  01  0 ->  0.1  2 band  of  TICN  ire  plotted  versus  nr 
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Abstract 


Q CO 

<c 

Otj  infrared  spectrum  of  C.O^  has  been  atudiea  in  the  vapor  phase 
from  2.2  to  2ty  with  a Perkin-Elaer  dcufcle-paaa  spec  tr  esc  ter-  and  the 
RmSS  spectrum  has  bsss  photographed  in  the  liquid.  phase-  A casparia aa 
of  the  Raman  with  the  infrared  spectrum  shews  definitely  that  the  w»  lectio 
has  a center  of  symmetry  as  is  required  for  the  linear  structure  comsonly 
asaueed.  How  error,  the  infrared  spectrum  can  not  be  explained  on  the 
assumption  of  a linear  models  the  envelopes  of  tics  principal  absorption 
bands  as  well  as  those  of  tha  •reaicor  combination  bands  have  the  wrong 
shape o It  appears  rather  that  the  oxygen  atoms  are  bent  out  of  line  with 
tha  carbons  in  a plane  zig-sag  configuration.  Freni  the  rotational  structure 
of  one  of  the  combination  bands  the  O-C-C  angle  is  computed  to  be 
appiroxinately  158°  c 


ms  .IKFPAftED  AND  RAMAN  SPECTRA  OF  CARBON  SUBOIIE^ 
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lafefc^.vs'stisa 

The  carbon  ouboxid®  raolecui  j has  commonly  been  assi'med  to  here  a linear 
■» 

aypmtT*ie  structure,*  the  two  oxygen  atoms  lying  at  either  end  of  tin  chain 
of  three  ssrbons. 


P*mi1  4 m«*  J7firf 


tt2  Ma.J  4 ■.#.. 
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aoiocuis  vers  not  inconsistent  with  this  assumption,  which  Appeared  to  be 

1. 

supported  also  by  the  elcctrom  diffraction  evidence  g previous  Rasas 

weak  wse  carried  out  under  far  from  opUsaza  conditions}  also  the  infrared 

absorption  was  obtained  with  the  uss  of  only  a EBi*  prism  for  the  entire 

-1 

ra»igs  investigated,  from  5 CO  to  U500  ca  . Hence  it  was  considered  advisable 
to  repeat  these  experiment*  with  the  superior  spectroscopic  *quipiP«nt  that 
has  been  developed  since  the  ori  ginal  work  was  dons*  The  data  cbisiascl  in 
present  investigation  are  not  entirely  consistent  with  the  linear  model 
hitherto  assumed  for  C^Cg*  it  new  appears  that  the  oxygen  a terns  on  the  aver- 
age are  bent  out  cf  line  with  the  three  carbon  atoms  but  in  such  a fashion 
as  to  preserve  a center  of  syesaetry*  In  more  recent  electron  diff motion  work 
reported  after  the  present  study  was  begun,  the  authors  favor  a linear 


model  hut  admit  the  possibility  of  a non-linear  one* 

Experimental 

Garbos  suboxide  w*s  prepared  by  the  pyrolysis  of  diaoetyl  tartaric 
anhydride  at  low  pressure  in  a system  to  that  used  by  Kobe  and 

«MWWW  'NS— — «1M  - - I "IT  IT  1~T  - — I — — — —!>■  MHIIW— IW  IHUf_ULJ»,iLU j_j  - , Mnl,  , 

* This  research  was  acwistoa  by  support  from  the  U.S.  Off is*  of  Naval 
fts  search,  Contract  N6onr-269  Task  ?, 
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RayaracOo  Vapors  fr  cm  the  pot  containing  the  anhydride,  which  was  main- 
tained at  a temperature  of  150°  C,  passed  through  a 11*  a*  quartz  tube 
enclosed  in  a cylindrical  furnace  at  a temperature  of  700°  C.  A aeries 
of  liquid  air  traps  was  used  to  separate  the  various  products  of  the 

reaction,  the  C^09  being  vacuum  distilled  before  removal  from  the  system. 

7 

The  Raman  spectrum  was  taken  in  a priest  spectrograph1  with  a dis- 
5-?r»isa  ox  19  A/®*  at  1*600  A|  the  sample  tube  vae  of  about  12  ml  capacity. 

TJPa  XI.  xu_  . ..  -■  - ^ ^ _.J.  . J Jt  A i u - A.  - ■■ I...S  J _ X AaC  XI 
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an  exposure  Liras  of  eight  hours.  Polarization  measurements  were  made 

6 

on  this  sample  by  the  method  of  polarized  incident  light.  Later  a new 
sample  was  prepared  and  the  experiment  repeated  with  an  exposure  time 
of  eleven  hours  at  a temperature  of  -70°  G.  Os  each  occasion  the 
sample  was  vacuum  distilled  into  the  Raman  tube. 

Preliminary  infrared  measurements  were  made  with  a Perkin-Slaer 
Model  12-G  spectrometer  using  HaCl  and  KBr  prisms.  An  8 cm  pgurex  cell 
with  AgGl  windows  was  employed  after  it  was  discovered  that  the  vapor 
polymerized  in  a astal  coll,  yielding  spurious  absorption  bands.  Subse- 
quently the  infrared  spectrum  was  remeasured  with  ih»  Perkin-LULaer  double- 

.1 

pass  spectrometer,  a LiF  prism  being  used  for  the  region  above  2000  cm  . 

Several  ait-amp ts  were  made  to  obtain  the  photographic  infrared  bpectrum 


of  G^0r>,  ifi  particular  the  combination  of  the  second  overtone  of  the  strong 

infrared  active  fundamental  at  2258  cm*’1'  with  the  Rasaxs  active  fundamental 

-I 

at  12190  cm  . No  spectrum  was  found  with  a 3 a path  at  a vapor  pressure 
of  about  60  cm,  the  dispersing  element  of  the  spectrograph  being  a 21-foot 
concave  grating.  A 2 ra  tube  of  the  J.U.  White  type  was  constructed  which 
made  possible  a path  up  to  about  J*.  m„  Utilizing  a 5 * concave  grating 
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a few  weak  lines  representing  the  hand  in  question  were  photographed  and 
measured  with  third-order  iron  standards,  also  photographs  were  taken  with 
a Bauach  and  Lamb  transfer  plana  grating  and  a i6-foot  camera.  With  a vapor 
pressure  as  high  as  71  cm  on  the  silvered  surfaces  of  the  multiply  reflec- 
ting mirrors  were  rendered  useless  in  an  hour  * a time  fry  the  action  of 
the  Whan  the  vapor  pressure  was  reduced  to  >0  sm,  the  freshly 

silvered  surfaces  deteriorated  more  slowly,  but  at  such  a rate  ae  to  make 
it  impossible  to  obtain  satisfactory  exposures.  With  a.  much  mallei*  vapor 
pressure,  the  resulting  weaker  absorption  also  yielded  unsatisfactory 
plates. 

Observed  Spectrum 

fhe  original  Rasun  spectrum  of  on.  obtained  by  Eugier  and  ft  enlrs  ‘uiseli'? 

> 2 

showed  five  certain  and  four  doubtful  lines,  fha  first  Raman  spectry’a 
photographed  in  this  investigation  with  ao  0 hr  exposure  included  13  lines 
of  which  fj-'e  or  six  could  be  called  certain.  However,  when  the  experiment 
"as  rspaatcu  with  a mm  sample,  an  exposure  of  11  hours  yielded  only  four 
lines,  one  of  which  is  apparently  an  overtone  of  one  of  the  others.  The 
«anan  ??ea9”resents  ars  presented  in  Table  I.  Three  of  the  lines  observed 
in  the  8 hour  exposure  can  be  identified  as  due  to  methyl  acetylene,  which 
is  known  to  exist  in  the  staple  (as  well  as  acetylene)  from  the  photographic 

infrarod  plutes . Of  the  four  lines  obtained  on  both  p;atess  the  o.ss  at 

-1  -1 
57?  em  is  dqp  clarissd,  the  others  beln^  polarised.  The  line  at  826  cm 

is  very  broad  and  c e*$>*raiively  diffuse. 

The  infrared  spectrum  reported  here  is  in  substantial  agreement  with 

3 

that  of  Lord  and  Wright'  as  to  the  number  and  positions  of  the  bands, 
allowance  being  made  for  the  difference  in  precision  of  measurement  possible 
with  toe  two  spectrometers.  However,  with  the  superior  resolving  power  of 
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tbs  Perkin-KLmer  double-pass  instrument,  one  can  now  distinguish  the  band 
envelopes  much  more  clearly,  A trace  of  the  Infrared  spectrum  in  Fig,  1 
ci hows  that  the  prevailing  band  typo  for  carbon  suboxide  with  the  resolution 
available  consists  of  a strong  central,  marirrum,  The  principal  exceptions 
to  this  in  the  N&C1  region  include  a band  of  medium  intensity  at  1122,5  ea' 
with  P-Q-R  structure,  and  at  slightly  lower  frequency  a series  of  peaks  of 
varying  intensity  and  separation.  In  the  MF  region  are  found  bands  with 
a central  miniKum  at  21.5k >5  and  2386  c a suggesting  P-R  structure  snd 
another  at  3335  can"'*'  with  a very  weak  central  maximum  between  such  stronger 
aids  branches.  The  most  informative  band  envelope  in  this  region  is  that 
s.t  2386  cm  1 in  which  two  strong  maxim  are  accompanied  on  the  short  wave- 
length aide  1.  a set  of  weak  maxima  of  fairly  regular  separation.  {The 
absence  ox  these  roaxi^  cn  fee  long  wavelength  side  of  the  2386  cra~L  band 
may  be  ascribed  to  the  overlapping  of  this  region  by  atmospheric  COg  and 
by  the  very  strong  fundamental  band  at  2258  cm  \)  The  band  at  hhk5  cm"*1 
is  possibly  also  of  this  type,  the  resolution  of  the  spectrometer  not 
being  great  enough  to  separate  the  weak  maxima..  In  fable  II  ahts  given 
the  measurements  of  the  infrared  bands  along  with  those  of  Lord  and  Wright, 

Discussion  of  the  Spectrum 
9 

Reraberg  has  discussed  three  possible  models  for  carbon  suboxide; 

(I)  0=£=-G=jC  =0,  (II)  Q^OC-d:^  (ni)  C^0,  belonging 

to  the  print  groups  C^,  and  C2y;  respectively,  and  attested  vibra- 

tional assignments  for  Hodols  I and  III,  his  assignments  for  I differing 
in  part  from  those  cf  Lord  and  Wright,  For  models  I and  II,  which  nave  a 
center  of  symmetry,  only  three  of  the  fundamentals  are  Raman  active,  while 
for  model  XT  I all  sine  fundamentals  ar-e*  Raman  active  and  eight  are  infrared 
active  as  well.  Fro*  the  upsctriua  alone,  which  can  best  ha  analysed 
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“ °f  thre»  raad">”«»  <#»  toertone,  It  voold  appew  that 

«O.X  III  n.  b.  eLlMnated  a.  a poasibi.  .tracto*  tor  o„rbon 

3hl»  esttclulon  la  ato.ngth.nad  by  a otoparison  or  tho  I.  and  tofnarto 
apaotoa,  Inn  it  to™,  oat  that  than,  are  „ ooinoid.net  Wen  than,  a 
farther  raaaon  for  believing  that  to.  noieoaie  h,,  , canter 
that  there  ere  no  fires  avertone.  of  the  lnfwwi  ftodenentala  although 
the  band  at  1666  on'1  ea  be  reeeonably  integrated  a.  . .eoond  overtone. 

LikswiM  thsiv,  ars  nn  h4n>».  a. a a,  ... 

tv^xg^ioaB  or  UJTrared  fundamentals  but 
nueroaa  btotoy  combination.  of  infrared  and  toe,  active  vibration.. 

■ t ie  not  poeelbl.  to  chooae  betoeen  nodele  I and  u „n  the  basis  of 
to.  taan  epeefrea.  xor  use  linear  nodal  the  Renan  line,  at  21S0  and  828  c*'1 
.o-dd  be  assigned  to  the  too  wnnotrLc  etratchtog  nedee  of  .pooler  2 , Hhi 

U"  ^ ■°d*1  11  U«  -«  he  of  toocies  A *.  h.  * „-l 

•honld  be  due  to  the  bending  node  ,g  for  to.  linear  nodal  and  A,  for  the 
sig-aag  one.  4,0  polar Utoi  or.  data  (ee.  Table  I)  eight  ee».  to^ivar  eodel  I 
for  rtslch  tin.  laat  Rtoto.  line  ehould  he  depnlaritod,  ahereu  All  thtoe 
n».  ahould  be  polarloei  for  model  a.  Roeever.  atone  for  . totally 

«•  fsre.  of  depol.xia.tlon  nsy  varv  betoW  0 and  6ft, 
acdAL  II  eennot  be  called  toconeiet.nl  eith  the  3aan  apectren.  That,  regains 
to,  coaeider  the  evid.no.  provided  by  the  entolope,  of  the  infrared  band,. 

ASr-tog  the  linear  aodel  there  are  four  infrared  active  fundanentato. 
tee  of  ehlohtoould  be  repreaented  by  peraltol  bend,  aith  a aap«*tion  of 
os.  II  ce  betoeen  the  p and  R branches,  sod  too  by  perpepdisul-r  band. 

«itb  »,  % tod  R n»  *rt  probable  a.cigneeat.  for  thee,  .onto  ■«, 

the  strong  hand,  at  22S8  tod  1570  on’’  for  the  two  .etching  vibration,  (of 
epaoiea  ^ ) and  thoee  at  635  tod  SSL  ca*1  for  to.  Wing  vibration, 
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Bctrsvsr,  none  of  t-heso  bancs  lias  tho  required  envelope:  in  fact,  they  all 

slit:*'  just  a strong  central  maximum  vith  no  side  branches.  All  of  the  other 

«1 

band*  shewn  in  Fig.  1 with  the  exception  of  those  at  779,5  and  lOuO  cm 
could,  be  accounted  for  as  arising  f'rora  these  four  fundamentals,  nearly  all 
being  combinations  of  the  infrared  with  the  Raman  satire  fundamentals. 

Aifide  free  the  previously  raentissed  band  at  1666  era**  \ which  appears  to 
be  the  second  overtone  of  the  infrared  active  fundamental  at  551,  and  the 
band  at  3335  csT^,  which  is  probably  a combination  of  the  first  overtone 
of  this  * mm  fundamental  with  tie  highest  froq-.?;ncy  fundaassntal  at  2256  era”‘\ 
the  remaining  bands  of  the  infrared  spectrum  can  be  explained  as  binary 
combinations  involving  one  Raman  and  one  infrared  fundamental. 

“n  examination  of  ths  band  envelopes  which  have  a more  complicated 
structure  than  just  a central  maximum  brings  out  the  following  discrepancies. 
The  only  one  which  shows  definite  PQR  structure  - at  1122.5  cm**‘*‘  - is  a 
comb  in?,  tion  of  the  two  bending  modes  at  577  and  551  and  should  consequently 
be  of  species  with  P and  H branches  only.  3he  band  at  215U.5  c*  ^, 
which  apparently  has  F find  R branches  with  a separation  of  lU  cm"*  is 
presumably  due  to  a dsblsation  of  the  577  Raman  active  vibration  with 
the  infrared  band  at  1570  era”1  and  therefore  of  species  jt^  Ino  oana  at- 
3335  ck~a*  being  a confc illation  of  th«  furyjaraentsl  2258  and  ths  first  ever- 
tons  of  553.  would  be  of  species  2^,  and  here  we  have  the  proper  band 
contour  if  we  assume  that  the  weak  c eatrsl  maximum  is  due  to  an  impurity 
in  the  sample,  namely  Methyl  acetylene.  However,  the  P and  R branch 
separation  of  the  P and  R maxima  is  about  23  cm"*.  Furthermore  this  bard 
has  structure  oa  the  short  wavelength'  side  which  could  not  possibly  arisr-* 
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troth  a linear  mcleoul« » Xn  ▼law  of  all  this  evidence  it  seems  necessary  to 

abandon  the  assusption  that  carbon  suboxide  has  a linear  structure, 

ibere  remains  to  consider  Harsberg'e  model  IX.  It  is  interesting  to 

note  that  this  type  of  structure  was  recently  proposed  for  an  excited  else- 

10 

tronic  state  of  the  normally  linger  molecule  acetylene  by  King  and  Ingold  , 
who  called  it  a "plane  centro-aynmetric  sig-sag."  This  model  for  carbon 
r rboxidu  requires  in  addition  to  the  three  Sanaa  active  fundamentals  of 

socles  a mentioned  above  six  infrared  fund aroerft. sis fl  four  of  them  in  tbe 

S 

plana  of  une  molecule  (3y;  and  two  out  of  the  plane  (1^) . It  has  already 

been  shown  thi.t  this  model  in  consistent  with  the  observed  Raman  spectrum. 

As  for  tbs  infrared  spectrum,  it  may  be  noted  first  that  the  four  vibrations 

of  species  Bu  may  be  assigned  tr  the  same  four  bands  considered  above  as 

fundamentals  for  the  linear  iwx’tx.  Since  the  model  new  under  discussion  is 

a slightly  asyiTimetric  top,  th3  difficulty  about  the  contours  of  these  fundta- 

-1 

mentals  is  removed.  The  two  infrarod  bands  at  779.5  and  idtO  cm  which 
could  not  readily  be  accounted  for  on  the  linear  mciel  can  now  be  assigned 
as  the  vibrations.  Tbe  first  of  these  two  has  been  resolved  into  four 
rather  weak  maxima  with  an  average  separation  of  about-  5 osT  * lbs  other 
band  is  not  so  clear  cut.  It  appears  to  consist  of  two  maxima  of  medium 
intensity  at  1015  aod  1025  cm  ^ iuid  throe  weaker  ones  at  1055»  1068  and 
1075,  Kith  two  other  barely  resolved  shoulders  between  these  two  groups  at 
1033  and  10U5  em  Urvder  the  available  resolution  it  is  not  clear  whether 
this  absorption  represents  only  ono  band  or  more  than  cr»,  and  a further 
ccrapli cation  may  arise  from  the  fact  that  one  of  the  weaker  fundamentals  of 
■ethyl  acetylene  is  found  in  this  same  region.  In  view  of  these  uncertainties 
the  band  is  here  given  a wave  number  of  iGiiO,  this  being  approximately 
the  center  of  the  absorption.  The  weak  absorption  of  the  779.5  cm  funda- 
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mcttal  aoy  be  •xplairsd  thus:  the  vibration  la  believed  to  involve  an 

out-of -plane  action  of  the  two  C-0  groups  against  the  central  carbon  with 
a consequently  email  change  of  dipole  sonant.  A qualitative  check  on  the 
assignment  oz  these  two  fundamentals  is  provided  by  the  fact  that  they  should 
be  pure  ptupendi  cul&r  vibrations  with  no  pur  idle  1 component  and  this  seesc 
substantiated  by  the  absence  of  the  strong  central  absorption  noted  elsewhere 
in  the  infrared  spectrum.  A achenatic  representation  of  the  vibrational 
sudes  f«?  toe  «ig“*eg  rsodel  is  given  in  Fig.  2. 

Ahe  fine  structure  on  the  short  wavelength  side  of  the  bard  at  2366  cm~J' 
has  an  average  separation  of  about  5.5  cffi“A.  This  structure  say  be  inter- 
preted as  due  to  the  perpendicular  component  of  a hybrid  bead,  the  parallel 
component  being  represented  by  the  strong  central  maxima.  If  this  inter- 
pretation is  correct,  the  band  in  question  provides  the  strongest  kind  of 
evidence  for  the  non-linearity  of  carbon  suboxide.  The  similar  structure 
on  the  long  wavelength  side  of  the  3086  cm  band,  which  hja  an  average  separa- 
tion of  about  9.5  cm"*',  ia  almost  certainly  due  to  ths  band  of  methyl 
acetylene,  as  the  positions  of  the  individual  peaks  check  well  with  those 
reported  in  some  recent  work  at  higher  resolution  by  Boyd  and  Thompson." 

The  irregularly  spaced  structure  on  the  short  wavelength  side  of  this 
has  air.  srarags  spacing  of  13  cm  * svd  ssy  be  due  to  a combination  of  the 
perpendicular  bmd  at  iupO  with  the  Rs^n  band  at  2190  csT**.  Owing  to  the 
above  mentioned  uncertainties  with  regard  to  the  K>1»0  esT1  band,  this  assign- 
ment is  merely  tentative.  The  unresolved  background  at  the  high  frequency 
end  of  this  structure  is  no  doubt  due  to  the  acetylene  in  the  eaiwie,  but 
the  eight  or  nine  partly  resolved  weak  aaMme  cannot  readily  be  attributed 
to  some  other  ijfsarity.  In  Table  IX  are  found  tide  alignments  for  the 
infrared  spectrum  along  with  tbs  earlier  data  of  Lord  and  Wright. 
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On  the  basin  of  force  constant  calculations, Eagiiir  and  Kohlrausch 

postulated  a low  lirequancy  furri  ament*!  at  about  200  c a A.  Fro*  tbs 

analysis  of  tbs  infrared  spectrvss  given  above  it  appear*  that  the  attsuBptloa 

IS 

of  such  “ frequency  is  unnacessaiy.  Recently  an  exaainaticn  of  tbs  far 
infrared  region  of  the  carbon  s-.iboside  spectrum  by  the  residual  ray  method 
has  indicated  weak  absorption  at  192  and  161  csT1.  This  is  undoubtedly 
the  difference  band  v^  - vg.  A somewhat  stronger  difference  band  should 
be  round  near  275  ea°*  for  vc  - vrt,  but  apparently  this  region  was  not 
investor*  toils 

As  mentioned  above  two  impurities  in  the  sample  of  carbon  suboxlda  used 

in  this  study  that  have  been  positively  Identified  are  methyl  acetylene  and 

acetylene.  The  3v?  and  3v.  bands,  respectively,  of  these  two  molecules 

were  found  in  the  photographic  ini  rared  with  the  rotational  structure  well 

resolved.  In  the  near  infrared  region,  the  fundamental  of  acetylene  wag 

observed  ae  was  also  v^,  the  latter  being  overlapped  by  suboxide  bands.  A 

number  of  the  fundamentals  of  methyl  acetylene  appeared  including  v^,v^ 

aid  v»  would  be  completely  covered  by  t-ha  635  cm  band  of  carbon 

suo oxide,  but  2v^  may  be  present.  The  possibility^  that  ketone  may  occur 

as  an  impurity  in  carbon  suboxide  produced  by  pyrolytic  reaction  could  not 

be  verified  in  this  Infrared  study*  however,  ths>  stronger  infrared  bands 

o if  ketene  lie  near  regions  of  carbon  suboxide  absorption  and  may  be  obscured. 

-1 

In  the  first  R&maa  plate,  the  line  at  1127  cm  may  lie  the  keten®  line 
73  -1 

reported  by  Kopper  at  1130  cm  , but  if  this,  is  so  it  is  not  cle^-  wigr 

the  almost  equally  strong  line  at  2950  ca  * was  net  sbeerwed.  Since  the 

-1 

doublet  of  Medium  intensity  reported  by  hord  and  Wright  at-  909-869  cm  * 
was  not  found  in  this  investigation,  it  is  possibly  an  impurity  in  their 
sarple.  The  same  inference  may  be  drawn  concerning  the  group  of  banas 
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they  observed  at  1760.  1850  xind  i960  cm"*',  to  which  there  corresponds  in  the 

present  stwiy  only  aveiy  we*ik  absorption  near  1770  esT^. 

Discussion  of  the  Molecular  Constanta 

As  pointed  out  ty  Lord  and  Wright,'5  if  the  carbon  suboxide  xolscnle 

-1*0  2 

3;ai  linear  it  murt  have  a moment  of  inertia  of  about  390  x 10  g ss  , 

ard  this  would  give  rise  to  a separation  between  the  P and  A branch  maxima 

of  a parallel  band  of  about  11  crs”*«  Their  failure  to  observe  such  A band 

was  attributed  to  the  low  resolving  power  of  their  spect-roaster.  Sinus  the 

Perkin-Elnar  speotr caster  employed  in  the  present  study  can  resolve  bands 

separated  by  one  wave  number  or  a little  last?  £i!  the  ne ighborfaood  of  2200  cwT^. 

the  failure  to  observe  any  splitting  at  til  in  the  2258  ss“*  band  might  alone 

be  taken  to  indicate  the  non-linear  structure  of  the  molecule.  The  cuulil nation 

bands  v^  * Vy  and  v,  * Vy  on  either  side  of  the  fundamental  do  exhibit 

a splitting  suggestive  ox  P and  R branch  envelopes,  the  separation  of  Iha 

, -1 

maxima  being  23  aad  lu  cm  respectively.  This  latter  value  is  howevar 

extremely  dubious  because  thy  position  of  the  supposed  P branch  of  tie 

band  coincides  with  that  of  a strong  band  of  methyl  acetylene,  and  also 

the  strongest  infrared  band  cf  ketone  falls  in  this  same  region.  As  pointed 

- -1 

out  above,  the  strong  maxima.  of  the  3335  cm  band  have  a separation  of 
22  s&  , which  agrees  well  with  the  value  observed  ror  the  band  at 
kjoo  cm  4 

On  the  short  wavelength  side  of  the  ♦ Vy  band  ths  group  of  weak 
subsidiary  bands  ranging  froa  about  21x1x0  to  2uPG  es~'L  has  an  average  separa- 
ta on  of  about  5.5  c®~*.  Taking  this  band  envelope  to  reoresent  a hybrid 
a 

band  of /slightly  asymmetric  top,  this  separation  to  a first  approximation 

is  given  by  2{Af-B,)«  Since  ths  value  of  B (or  C)  for  carbon  nuboxide  is 

-1 

of  the  order  of  SQ?  cm  , we  can  compute  a value  of  A*  f.-ca  this  band  of 
“1  — UO  2 

about  2.7  sb  and  as  10. h x 10  g cm  o 3fce  aosi  recent  electron 
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diffraction  measurajuante  of  carbon  suboxide  by  Mackle  and  Sutton*'  give  the 
C-C  aal  0-0  distances  as  1.23  and  1.19  A respectively.  Applying  these 
values  to  the  centro-aymaetric  slg-zag  model  discussed  above,  which  seems 
required  from  the  spectre  graphic  evidence,  we  obtain  a value  for  the  O-G-G 
angle  of  158°*  While  these  authors  do  not  consider  this,  model,  they  do 
discuss  the  possibility  of  a non-linear  model  of  point  group  (Heraberg's 
model  III).  For  such  a structure  they  conclude  that  the  minimum  value  of  the 
O-C-O  and  3-C-C  angles  consistent  with  their  data  is  170°  for  each  angle. 

A comparison  of  the  spectroscopic  and  electron  diffraction  data  can  be  made 
even  though  two  different  models  are  involved  by  computing  the  displacement 
of  the  oxygen  atom  from  the  G-C-C  axis  for  the  centre- symmetric  model.  For 
an  angle  of  158U  this  distance  is  .-.kk  A.  From  the  electron  diffraction 
data  the  corresponding  distance  would  be  .hi  A.  Even  though  the  electron 
diffraction  values  quoted  hare  represent  only  one  interpretation  of  tho 
c’.^ta.  (Hackle  end  Sutton  prefer  a linear  mcdel),  the  agreement  with  the 
spectroscopic  data  is  noteworthy. 

'the  evidence  on  molecular  structure  that  can  be  obtained  from  the  two 
bands  in  the  NaCl  i-egion  here  assigned  to  the  Au  vibrational  species  is  less 
satisfactory  than  that  just  discussed.  In  the  l OltO  c®  band  the  apparent 
separation  of  tha  peaks  ranging  from  6 to  nearly  15  cm-*  with  an  average 
value  of  1G  may  be  due  either  to  incomplete  resolution  or  the  presence  of 
an  impurity,  'The  four  partly  resolved  peaks  in  the  weak  band  at  789*5  csf^ 
have  an  avarage  -separation  of  nearly  5 c»f^,  and  since  this  is  only  a 
little  less  than  that  found  in  the  combination  band  at  2386  cm  * it  would 
sear,  to  provide  some  support  for  the  structure!  analysis  given  above. 

Ahe  photographic  infrared  work  yielded  no  results  that  would  provide 
definite  information  aviGUb  vilS  w wl1  uw  uT  Cal'bC!)  SubvXlao « The  only 
conclusions  that  can  be  drawn  from  the  few  weak  lines  obtained  is  th&t 
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■£§•  then*  was  nothing  to  indicate  a linear  structure  for  the  af>l»eul«  and  a slight 
suggestion  that  the  apectrum  could  be  due  to  an  asynnetrio  top.  It  is  hqped 
in  the  .future  to  study  the  partly  ra solved  bands  which  give  sons  insight  into 
tha  stricture  of  carbon  subcscid*  under  higher  resolution, 

*n<»  author  wishes  to  express  his  great  indebtedness  to  Professor  D.  H. 
P*nk  for  ouch  assistance  in  preparing  the  compound  <sid  taking  the  spectra  as 
wall  as  to  his  fcrssr  colleagues. Dr.  R.  S.  Kagarise  of  the  Naval  itosearch 
Laboratory  and  Dr.,  £.  R.  Shull  of  the  Fa^arch  LiUioratories  of  the  Linde 
Air  Products  ConpWjf, 
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Tmbln  X.  Raman  spectrum  of  carbon  suboside 
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Table  S,  Infrared  epesti-js  of  carbon  ay'ooxida  from  2.2  to  20  j*o 
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Intensity* 
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> 

*■* 

-1 

-1 

m 

cm 

cm 

5W* 

ssi 

▼.8. 

v9 

557 
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8, 

v8 
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W. 

v5 
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», 

\ 
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2122.0 

11. 
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8. 

v7 
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215U.5 
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▼.So 

1 

v6 
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3. 
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2398 
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2670 

w. 
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26?? 
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w. 

*J  - “9 
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2828 

w. 

'1  * “3 
v3  4 v6 

2825 
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w. 

2835 
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8. 

v24  v6 

3086 

3150 

3335 

»o 

v6  4 2% 
V1  4 V 

3360 

3380 
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3 o 

3760 

3790 
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«9 

V1  4 
V1  4 v6 

3856 

IMS 

a. 

Uti*8 
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* Abbreviations*  v.a.. 

8a  j Si#  $ Vt  j 

V.W.,  » 

very  strong,  strong,  na 

weak. 

▼ery  weak,  respectively. 

^ Neglecting  effect  of  anharraonicity. 


c Band  obscured  or  distorted  by  atmospheric  absorption,, 


( ■ 

JBfr 


References 


lo  L.  Pauling.  xna  Nature  of  the  Chemical  Bend  (Cornell  University  Press* 
1939  and  ijMj. 


2.  H.  Engle r and  K.W.F.  Xohlrausch,  Z,  physik  Ghem.  B 3l,  21ij  (1936) . 

3.  R.  0.  Lord,  Jr.  and  N.  Wright,  J,  Chsm.  Phys.  5*  6i*S  (193?). 

ii.  La  0.  brockway  and  L.  Pauli Jif ; , Proc.  Nat„  Acad.  Sci.  1£,  860  (1933). 

H.  Mack  la  and  L.  jS.  Sutoon,  5* -aw.  ParaxUiy  Soc.,  L?_,  937  (1951). 

K.  A-  Kobe  and  L.  H.  Lsyerson. , J.  Phys.  Cho:n.  35*  3025  (1931). 

G.  J.  Saasz,  N.  Sheppard  and  I).  H,  Rank,  J.  Chain.  Phys.  16,  70li  (19U8). 


c 

SO 


8.  A.  E.  Douglas  and  D.  H,  Rank , J.  Opt . Sec,  Am.  33,  281  (19li8)„ 

9.  G.  Herzberg,  Infrared  and  Parjn  Srf  c-tr?.  of  _ Pol ystomic  Molecules  (The  It. 
Van  Nostrand  Company,  Inc.  N;w  fori,  X9u;>T. 

IQ.  G.  W.  King  and  G.  K.  Ingold,  Mature  16£S  1101  (1952). 

11.  B.  R.  J.  Boyd  and  H.  W.  Thompson,  Trans.  Faraday  Son.  i^8.  Ii93  (1952). 

12.  J.  K-  O’Loane,  J.  Chem.  Phys.  21,  609  (1953) 

13.  H.  Kopper,  2.  physik  Chem.  3 3 u » 356  (1936). 


I IMITATION  "ti  THE  PRECISION  OP  MClLtCULAR  CONST  A.  M'S  jffiTERMINED  WITH  A 


gg£~  DIFFiAfTfON  GRATING 

Du  K i ia  - \ k 

' 'The  Pennsylvania  State  university 


State  College,  Pac 


Harrison,  Davia  and  Hebert, son4'  have  recently  discussed  the  measure- 
ment. of  wave.length  w*i fch  grat  ings,  echelles  and  interferometers.  these 
authors  have  shown  that  due  to  :*uling  errors  precision  of  wavelength 
measurement  much  in  excess  of  1 part  in  10^*  is  not  to  be  expected  for 
diffraction  gratlng3„  The  spectroscopic  literature  has  shown  very  ex- 
tensively  the  unreliability  of  gratings  to  produce  wavelengths  with  a 

precision  much  in  excess  of  1 part  per  million* 

2 

Secectly  v*  have  obtained  measurements  which  give  soma  quantitative 
idea  of  the  effect  of  this  lack  of  grating  precision  upon  molecular  2 
'•aJLuea  obtained  from  gratings- 

ll"  we  specify  the  Inability  of  a diffraction  grating  to  measure  a 
wavelength  correctly  by  fc  * oX/'h  the  arrer  in  the  frequency  of  the 
rceaaim'd  iLina  will  oe  dv  « -icy*  lha  maximum  error  introduced  into  a 
A^F  from  tills  grating  error  Kill  'ae  4 2.<v . 

It,  is  necessary  to  m«*.s.re  a relatively  large  number  of  band  lines 
to  obtain  B values  for  molocv.l- r .states  since  D,  the  centrifugal  cor- 
rection, must  be  determined  simultaneously  with  the  determination  of  B. 

In  the  collate  measurement  of  a band  it  is  certain  that  the  worst 
.1  i wfcaon  with  regard  to  tie  uncertainty  of  wavelength  measurements  in 
highly  improbable  * Since  the  intensity  of  the  panri  liner  will  vary 
from  ,r  « 0,  '.each  a maiiimtii'i  at  sere  J value  and  decrease  to  some  value 
at  maximum  J,  the  eta  let  trow  taunt,  of  this  problem  becomes  very  complex,, 
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grating  errcc 
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t is  quite  certain  that  the  wava.'.nngth  vocerta:  n by  fron,.  the 
will  be  a function  of  -he  line  intensity-,, 

«e  can  assume  to  a first  apprcxiaration  that  the  8 value  will  be  in  err c« 
due  to  grating  imperfections  by  an  amour, h related  to  tn®  maximum  error 
introduced  into  the  largest  men  sored  o0F 


Xo  the  above  merit  toned  aprrcxir.ia.titn:  we  sru  writs 
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where  B.  Is  the  true  B value,  J the  maximoor.  j measured  and  dR  the  error 

y 

int reduced  into  B due  to  the  inability  of  the  grating  to  measure  wavelength 
precisely 

Inspection  of  equation  1 shows  that  using  gratings  having  identical 
k,  dB  decreases  linearly  with  'wavelength  for  constant  J.  Furthermore  the 
lor .,5  waves  arc  even  more  adi  a-.iiaguou-j  since  the  i on  reaped  absorption  Icn 
bands  at  longe  r wavelengths  alj.orn  higher  J valve  a to  be  readied 

9 

ihe  strictly  interf  srorae trie  measurements  of  Rank,  dhsarer  and  Wiggins 

for  B of  HC-N  yield  a value  for  this  constant  c omelet*  ly  consistent  with 
ooo 

all  values  of  the  velocity  of  light  determined  oy  toe  modern  optical  and 
microwave  mthcdSc 

The  earl.-j.er  grating  measurements  of  a of  HON  by  flank,  flu th  and 

c 

Vander  Sluis  vielded  a value  of  B laager  by  ftB  '7  x 1G  ' )„  These 

coc 

grating  measurements  were  made  with  one  of  the  most  perfect  gratings  in 

existence  and  calculation  from  aquation  1 show-  chat  k for  this  gi-.-dt.-rg  is 

-7 

approximately  2„5  .&  10  5 na.  ”1  ;us  to  the  work  >f  3-Urik,  ft  tii  -mi  Vauder 

3 

Sluis"  atteroote  were  made  to  measuro-  b for  HUH  with  a plane  pra.tine 

ooo 


which  was  mac’,  more  1 iroerfeot.  than  the  ‘-Tuxedo'*  ar»X  i.n<- 
w*?  x 10  ^ which  ahowF  a k for  this  prat  .ng  ■>  : )■>  ».  it 


'ihe  -ilH  obt«l.'.?a 
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It  seams  rather-  certain  that  the  be  tter  gratings  will  have  a k 
which  varies  between  2 and  5 x 10  Tor  different  gratings  which 
seriously  affects  the  apparent  precision  of  b values  determined  in  the 
photographic  ini'  i’'21'cd  «inci  cl  course  becomes  worse  when  shorter  wavaleog  At 
are  used,,  Thus  in  the  photographic  infrared  bn  addition  tc  the  statistical 
probable  error  due  to  the  scatter  of  t*n»  ■ixporiBienta.L  points,  the  9 

Va  1 tin  id  Ho  n»ri  m/  » j-»af  > nrr  ;j -5**»  s ■?  »•*:»•  rrt  V O ■?  rt  A Vv  r t.  n iJ  rl  rl  i *M  /-'n.‘7,T 
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1 x lo“^  or  greater  due  to  the  inparfec  tions  rf  the  grating  itself 
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| Abstract 

Q CO 

c~^se  rotational  constant  B for  HON  has  been  measured  using  the 

ooo 

Method  of  Exact  Orders  for  the  002  infrared  rotation  vibration  absorption 
band.  The  value  obtained  is  iQuf 823^  cm  A«  Combined  with  the  microwave 
measurements  by  Ne thereof  and  Flo  in  of  the  same  constant  in  pure  fre- 
quency units,  a value  tor  the  velocity  of  light,  c - 29?739t8  j3eO  kn/sec,. 
is  found.  The  change  in  tha  apparent  thickness  of  the  Fabry  Perot 
interferometer  with  wave  length  das  to  the  phase  shift  in  iha  m8f 
MgFg,  AnS  coat«tti  plates  is  discussed  and  the  experimental  results  com- 
pared  with  the  calculated  values 0 The  rotational  constants  ay= 0.01003^. 
and  0. 000016^  ce“^  wars  also  obtained  with  the  aid  of  other  inter- 

ferometric results 0 


This  research  was  assisted  ,by  support  from  Contract  N6onr~269  Thsk  V 
of  the  CoS.  Office  of  Naval  Research. 
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'Ihe  Method  of  Exact  Orders  which  we  have  recently  described  makes 
possible  tbs  determination  of  molecular  constants  with  a precision  hitherto 
unobtainable  in  optical  spectroscopy,.  In  the  present  work  we  have  rede- 
termined B00_  for  KCK  in  order  to  determine  the  velocity  of  light  by  the 

2 

band  spectrum  method  described  by  Rank,  kuth  and  Vender  Sluiso 

In  our  preliminary  work  with  the  Method  of  Exact  Orders  a wave  length 
sensitivity  in  excess  of  1 part  in  20  million  was  demonstrated.  However, 
considerable  difficulty  was  encountered  because  of  the  change  in  length  of 
the  interferometer  spacer  with  temperature.  In  addition,  the  PV  work 
accomplished  in  changing  the  air  pressure  during  the  "tuning"  process 
produced  deformation  of  tho  glass  plates  of  the  & talon,  which  is  equiva- 
lent to  a change  of  the  etaion  spacer,  We  have  largely  rectified  the 
above  mentioned  difficulties  by  replacing  the  glass  interferometer  plates 
by  plates  of  fused  quartz,  and  also  replacing  the  brass  barrel  of  tbs  etaion 
by  a barrel  constructed  completely  of  invar. 

Absorption  measurements  were  made  using  a path  length  of  HCN  gas  of 
three  meters.  lbs  pressure  of  the  gas  was  regulated  so  as  to  yield  tuned 
patterns  similar  to  those  shown  in  Figure  2 of  our  previous  paper  o^"  lbs 
pressure  used  in  these  measurements  varied  between  th?  limits  of  1 to  10  mm 
of  Kg  of  HCN  gas.  HCN  is  a notorious  substance  with  regard  to  pressure 
broadening  of  its  spectrum  lines.  We  have  not  been  able  to  detect  any 
wave  length  shift  of  the  HCN  lines  with  pressure  despite  the  sensitivity 
of  our  ssthod.  For  some  reason,  the  cause  of  which  we  are  not.  completely 
certain,  the  fringes  produced  by  our  apparatus  are  slightly  asymmetric. 

Ibis  asymmetry  produces  a pseudo  mall  wave  length  shift  if  measurements  are 
stds  at  widely  different  absorption  levels.  Thus  it  is  necessary  to  compare 
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■tunas*  at  approximately  the  same  percentage  absorption  to  obtain  the  most 
precise  srsasurexents  of  wave  length  interval  n , 

Determination  of  Phase  Changes 

Hie  quarts  interferometer  plates  were  coated  with  triple-layer 
dielectric  films  of  2n-3,  Jk Fg,  £r3  of  a \/k  thickness  at  17,250  A, 

Sires  no  precise  absolute  wave  lengths  are  known  in  this  region  of  the 
spectrum  the  Method  of  Exact  Orders  can  not  be  used  for  determining 
the  integral  order  of  the  interferometer,,  We  have  calibrated  the  integral 
order  of  the  spacer  by  making  use  of  second  order  neon  lines  using  the 
method  of  exact  fractions  as  described  in  our  former  paper, ^ Phase 
change  on  reflection  which  occurs  with  the  di«laetric  f llas  is  large 
and  varies  with  wave  length.  Fortunately  the  variation  of  the  phase 
change  with  wav«  length  in  these  films  can  be  calculated  with  considerable 
precision  making  use  of  explicit  formulae  given  by  Leurgans"'  as  derived 
xrcs  electromagnetic  theory.  Making  use  of  the  variation  of  phase  with 
wave  length  as  calculated,  corrections  &r«  applied  to  the  observed 
fractional  orders  so  that  the  Integral  order  of  the  e talon  can  be  chosen 
using  the  conventional  method  of  exact  fractions. 

- Me  can  determine  the  phase  change  versus  wavs  length  curve  experi- 
mentally to  higher  precision  using  the  method  described  in  our-  previous 
1 

paper.  'Shis  method  involves  obtaining  the  integral  plus  fractional 
orders  for  a number  of  different  wavs  lengths  using  two  different  inter- 
ferometer spacers.  We  have  used  a 13.19  and  5.95  ram  spacer  for  the 
phase  determination*  Hie  longer  spacer  was  used  for  making  the  frequency 
measurement  on  the  band  lines.  The  ratios  of  these  measurements  made 
with  the  two  spacers  using  the  Method  of  Exact  Orders  can  be  uuod  to 


arrive  tha  variation  of  phase  with  wave  length  for  the  interferometer  plutos 
being  uoedo'  The  : ratios  obtained  are  plotted  versus  wave  length  in  Figure  1„ 
In  Figure  2 the  theoretically  and  experimentally  determined  phase  shift 
has  been  plotted  versus  wave  length.  The  agreement  between  theory  and 
experiment  is  very  satisfactory  since  uncertainties  in  the  film  constants 
(thickness  and  indices)  might  well  account  for  the  slight  differences 
observed.  In  any  event  the  correction  which  must  be  applied  in  the 
present  work  ie  email  since  the  interval  of  wave  length  covered  in  our 
measurements  is  only  about  350  Augs  trams  „ A’he  magnitude  of  the  phase 
shift  versus  wave  length  correction  can  be  expressed  as  amounting  to 
about  35  km  per  second  in  the  velocity  of  light  determination,  in  a 
direction  so  as  to  make  uncorrected  measurements  yield  a value  of  c 
too  small o 

Determination  of  Molecular  Constants 

HP—  mrt  pm  I—  •— M— — 1 ■ — ■ p e — 

In  the  absence  Cl  pGrtfUTD  aliens  the  frequencies  of  the  lines  in  a 
rotation  vibration  band  of  a linear  molecule  are  given  by  toe  well 
known  expression 

v * vQ  ♦(B,+BB)a  ♦ (B»-B*-D,+D*i)m2  -2(D^Ds)b3 

-(D'-D*^  ooo  (1) 

where  vn  is  the  band  origin  and  B and  It  have  their  usual  significance, 
m takes  poaitive  integral  values  for  R branch  lines  and  negative  integral 
values  for  P branch  lines.  Ws  can  state  as  a result  of  our  work  that  no 
perturbations  in  the  lines  of  the  002  band  of  HCN  occur  which  are  cf  a 
magnitude  greater  thin  a few  ten  thousandths  of  a wave  number,  which  is 
the  limit  of  our  precision. 

Ihe  following  four  equations  egress  relationships  which  are  useful 
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for  determining  the  constants  of  (X)  above. 

R(J-1)  - P(J+1)  - A-F^J)  « (iiBM--6C”)  (J+X/2)  - 8Da { J+l/2 )3  (2) 

R(J)  - P(J)  - ApF’  (J)  • {J4B'-6D»)(j-*-X/2)  - 8D'  (j^l/2)3  (3) 

R(J-l)  * P(J)  = U+(J)  - 2vo+2(B*-Bn-D‘^D»)«r2-2(D'-D")Jil  (I*) 

R(J-l)  - F(J)  » 2(B'+B")J“ii(D!+D'»)J3  (5) 

For  the  purpose  of  the  determination  of  the  velocity  of  light  by 
the  band  spectrum  mathod  it  is  only  necessary  to  determine  the  con- 
stants B"  and  DN  of  Equation  2,  Experimentally  this  singly  involves  the 
determination  of  the  frequency  intervals  of  the  line  pairs  designated 
ay  Equation  2.  4 he  measurement  of  P.(J-l)  - P(j4l)  however  involves 

line  pairs  of  considerable  intensity  difference  especially  at  the  3 urge 
values  of  J which  are  necessary  for  prscise  evaluation  of  the  molecular 
constants,  when  measurements  of  in  ervals  are  made  on  lines  of  considerably 
different  intensity  the  precision  is  much  reduced  under  practically  nil 
circumstances „ In  the  present  case  with  our  method  this  error  would  be 
particularly  vicious  because  of  tha  slight  fringe  asymmetry,, 

Inspection  of  Equation  3 will  show  that  3'  and  D'  can  be  obtained 
by  the  measurement  of  line  pairs  of  almost  identic*!  intensity.  Equation 
1*  shows  that  B'-BM  and  Df-Dn  can  also  be  obtained  from  lino  pairs 
having  nearly  the  same  intensity.  Further  reflection  Hill  chow  that 
Equation  1*  yields  one  more  decimal  place  for  than  is 

obtainable  for  B'  from  Equation  3 whsn  high  values  of  J aw  used.  It 
can  be  seen  that  ft(J-l)  ♦ P(J)  - 2v0  increases  proportionally  to  whiles 
R(J)  - P(.J)  increases  proportionally  to  J + 1/2.  This  favorable  situa- 
tion with  regard  to  the  ^A(J)  plot  can  be  strictly  taken  advantage  of 

with  the  interferometric  method.  From  the  preliminary  measurements  of 
li  5 

Douglan  and  Sharraa  arid  Tost  the  band  origin  of  the  002  band  has  been 


for  ths  purposes  of  this  investigation  set  by  definition  as  65l9»6ou8  cm 

in  vacuo o Douglas  and  Sharon  quote  a value  of  6519 65  ea”1  and  Yost's 

-1  =1 
value  is  6519.68  era  . The  defined  vq  yields  a value  of  65l6.?Oii3  cm 

for  P(l)  when  combined  with  the  known  preliminary  value  of  Ba.  P(l) 

is  then  used  for  standardising  the  interferometer  and  Measurements  of  the 

band  lines  thus  are  made  interf arc  .metrically  with  reference  to  the  band 

ad. gin*  Likewise  it  can  fee  seen  that  a constant  determined  from  Equation  5 


has  less  than  half  the  precision  of  one  determined  from  Equation  2 or  3, 
Calculations  show  that  an  absolute  error  in  the  band  origin  frequency  will 

-U  -1 

cause  an  absolute  error  in  tha  largest  AgF'  of  2.3  x 10  cm  for  each 

-1  -1 

0, 01  cm  absolute  error  in  the  band  origin.  Thus  each  0. Cl  ca  error 

in  band  origin  absolute  value  will  cause  an  error  in  c of  Q„ij6  knv/seCo 
We  feel  reasonably  certain  that  the  absolute  value  of  vq  we  have  chosen 
is  correct  to  *0.02  cm'1. 

Because  of  the  much  more  favorable  experimental  procedure  the  major 
effort  in  this  research  was  expended  on  the  measurement  of  line  pairs 
yielding  A^F»  (J)  and^?  + (J).  Measurement*!  were  also  made  on  but 

as  expected  the  scatter  was  much  greater  which  would  give  them  little 
r tatistical  weight  compared  to  the  other  measurements.  The  data  were 
trotted  to  least  squares  in  the  manner  described  by  Hank,  Ruth  and 
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little  statistical  weight  since  the  scatter  of  the  points  is  such  greater 


than  the  results  given  in  Table  1.  We  shall  quote  as  our  final  result 


-1 


tna  values  of  the  constants  derived  from  Table  I in  cm  in  vacuo* 

-6 


B'  - 1.16707.  D'  - 2,89%  X 10 


B*  - 1.U7823J,  D"  - 2e97s  x 10 

Determination  of  the  Velocity  of  Light 


C 


When  vs  combine  our  result  for  Bri  with  the  newly  remeasured  0-1  transi- 

6 


tion  in  tha  microwave  spectrum  by  Nethercot  and  Klein,  i.e,  B"  - 2D"  - 
Ui*315»800  £.010  mc/sej.,  we  obtain  c-  = 299, 789. 3*3.0  km/ sec.  The  value  of 
B*  microwave  is  UU, 315.978  4.011  me/sec.  when  the  D“  correction  is  made  by 
means  of  our  newly  determined  Dw  value. 

Sines  our  measurements  are  made  essentially  with  the  interferometer  in 
vacuo  no  appreciable  error  is  involved  due  to  uncertainties  in  the  index  of 
refraction  of  air.  iV-1)  for  air  is  made  use  of  only  to  doterainc  the  frac- 
tional  order  and  we  must  use  only  from  1JJ  to  2056  of  this  quantity  for  our 
purpose  depending  on  the  fractional  order.  We  have  used  our  recent  determina- 


tion'*' at  1.65  n as  the  value  of  (p.-l)  corrected  by  rasans  of  the  dispersion 
7 


formula  of  Barrel!  for  the  proper  wave  lengths* 

The  probable  error  can  be  considered  to  be  derived  from  the  following 
sources: 

Microwave  v ■ £0,10  ka/sac* 

Absolute  Value  of  Band  Origin  ■ £0.90  km/sec . 

Phase  Change  vs.  X ■ 4l„Q0  km/iisc. 

Statistical  - 4l.CC  kss/eec. 

We  have  inclvded  iia  Tibia  II  the  frequencies  of  the  lines  of  the  002 
band  of  liCK  calculated  from  the  final  values  of  the  molecular  constants. 

We  have  only  tabulated  lines  which  were  used  to  derive  the  molecular 
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constants  bince  we  are  certain  that  no  significant  perturbations  occur  in 

these  lines,  These  values  are  only  accurate  realfcive  to  P(l),  1»8„ 

_1 

*oQi  cm  * in  absolute  value.  However,  there  is  a good  probability  that  the 
absolute  frequency  of  P(l)  can  be  improved  by  at  least  an  order  of  magni- 
tude in  t.he  near  future. 

Determination  of  a-j 

- - - - ■ in  ii  H i . • 

The  3y  values  for  a linear  triatomic  molecule  can  be  expressed  by 
the  equation 

Bv"Be  " °3 (v+l/2)  - Y33(v+1/2)2  ♦ ^(02)  + f2(a1)  (6) 

let  us  deal  with  the  progression  of  bands  OOO-OQX.  It  is  easy  to  see  that 

V*v 
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We  have  plotted  the  available  data  for  this  -progression  in  Figure  3o 
The  points  for  the  002  band  and  ths  OOU  band  are  the  results  of  interfero- 
metric measurements  and  derived  from  band  origin  plots,  i.e.SJ+(J)„  The 
method  of  R.  R.  V.  is  only  a pseudo- interferometric-  method  in  that  the 
major  burden  of  the  wave  Tei-gth  mBasurement  falls  upon  the  ability  of 
the  dif frzction  grating  to  locate  the  center  of  ties  lines.  The  inter- 
ferometer merely  furnishes  closely  spaced,  very  accurately  known  reference 
wave  lengths  and  pr  ovides  some  slight  additional  help  by  means  of  vertic  il 
dispersion.  The  value  plotted  for’  the  GO!;  band  also  agrees  with  that 
obtained  by  Douglas  and  Sharma,  1he  double  point  plotted  for  the  003 


V.,- J J — J - 

f r*  Ul 


ue  to  measurements  of  Douglas  and  Phcrrr 


Ic  upper  point  is 


the  one  given  by  t.he  B1  value  obtained  by  them.  The  lower  point  wo  have 
obtained  from  a b mmC*  or  igin  plot  made  from  the  data  given  in  the  paper  of 
Douglas  and  Sharma.  The  points  for  the  00$  and  006  bands  were  again 


e 


obtained  from  band  origin  plots  of  the  data  given  by  Douglas  and  Sh=rs='; 

*«rd  are  much  less  precise  than  the  other  paints  due  to  weakness  of  the 
bands  and  their  location  in  the  spectrum,  it  should  be  stated  that  the 
spread  of  the  points  for  the  003  band  is  veil  within  the  error  stated 
by  Douglas  and  Sharma  for  their  determination  of  S'.  Me  obtain 
a^i® 0.01003^#  y,_*0o00<X!.Sh  expressed  in  m * as  the  valuesof  these 
constants,, 

Tt  is  wow  possible  t-0  critical  "hr  rarlmr  ths  situation  vi  th  regard  to 

2 

the  c determination  mads  by  Rank,  Ruth  and  Vandsr  Sluis*  Tbs  discrepancy 

between  their  results  and  the  present  result  involves  a systematic  error 

which  it  was  not  possible  to  evaluate  at  the  time  the  previous  work  v*« 

don®..  No  phase  shift  is  to  be  eipsctsd  for  the  aluminum  interfercsistsr 

coatings c Or.  Vander  Sluts  (private  communication)  has  reexamined  the 

interferometer  calibrations  and  demonstrated  no  phase  shift  exists.. 

It  must  bs  remembered  that  the  K.  R.  ?.  eeasuramoiits  nre  grating 

8 

measurement.  Harrison  h as  recently  pointed  out  that  the  best  diffraction 

6 

gratings  are  capable  of  measuring  wave  length  to  only  1 part  in  10  . 

It  could  be  presumed  that  the  H Tuxedo"  grating  is  at  least  as  good  and 

8 

probably  better  than  those  used  by  Harrison^  If  we  assume  wave  length 

7 

determination mccurate  to  5 parts  in  iu‘  for  the  “Tuxedo^  grating  in 
measuring  the  band  lines  which  vary  in  intensity  by  a factor  cf  6,  this 
would  introduce  a systematic  error  of  ♦ lb  km  psr  -ha  error 

g 

pointed  cast  by  Harrison"  shows  the  futility  of  using  grating  se&sur-sments 
to  obtain  highly  precise  a measurements  from  data  obtained  in  the  photo- 
graphic infrared „ 

However,  it  can  be  pointed  out  that  this  same  grating  effect  of 

7 

5 parts  in  10  would  produce  a systematic  error  in  c of  only  * 3 km 


(10) 


per  second  in  a band  measured  at  k micro ns o 

Ahe  value  far  the  velocity  of  light  obtained  by  the  band  spectrum  rcathod  \ 

as  reported  here  is  the  same  as  the  value  obtained  by  other  methods  of 

9 

measurement.  i 

i 

i 

are  indebted  to  Dr.  W.  F.  Koehler  of  the  Michelson  laboratory, 

i 

Inyokera,  for  helpful  discussion  concerning  the  calculations  of  phase  shift  ) 

l 

in  multiple  layer  dielectric  films.  We  express  our  thanks  to  Jean  M.  , 

! 

Bennett  for  help  with  the  least  squares  calculations . 
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Table  I 


V+(J)-2vQ 

2J  2 

LoM.S.C, 

C— 0 

4(J+l/2)  L.M.S.C, 

C— 0 

-6.0905 

288 

-6.0913 

+.0008 

72.8078 

wA 

?2o8082 

♦0OO0U 

-8 o2875 

392 

-8.2894 

+.0019 

84.4394 

58 

84.4393 

-.0001 

-•10.8248 

512 

-10.8247 

-.0001 

96 „ 0616 

66 

OA  nAol. 

/«•  WVUI4 

+.000-3 

-13.6998 

648 

-13.6966 

-.0032 

107.6772 

74 

107.6763 

-,0CC  9 

-•20.4477 

968 

-20.14*85 

+.00C8 

113.4802 

78 

113,4795 

-.0007 

-22,3461 

1058 

-22.3461 

.0000 

125.0768 

86 

125.0775 

+.0007 

-2U.325 9 

1152 

-24.3*73 

+.0014 

142.4522 

98 

142.4518 

-.ooc4 

-26.3932 

1250 

-26.3922 

-.0010 

154.0175 

106 

154,0178 

0. 

021161} 

D«-D“-/.<6rl0'8 

B5 -1.45707 

\ 

D*-2.89t 

-6 
x 10 

Suamaiy  of  data  obtained  in  measurements  of  the  0G0-0U2  band  of  HGHg 
Fi~qusascy  intervals  measured,  tJ+(J}-2vc  and  expressed  in  cm  ^ in  vacuo* 
Columns  3 and  7 headed  L.M.S.C.,  least  mean  squares  calculated  values*  era  i 
in  vacuo.  Columns  beaded  C-0  calculated  minus  observed  values.  The  molecular 

_“i 

constants  ar«;  given  in  cm  * in  vacuo* 
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Table  II. 


Cijculatcd  fre=?^neies  in  racism  wave  numbers  of  lines  of  the  00?  band  of  HCN 


P(l) 

6516.7QU3 

8(H) 

6551° 8185 

P(12) 

6U8l.lill7 

8(12) 

655U.2198 

O/T  l.\ 
A V-^/ 

i.£?o 

nml i 

y 

ACCA  C?fi1 

u 1 ww 

P(16) 

6i*6?  .3315 

H(iU) 

6558.8932 

P(18) 

6U60o0J453 

D/lC'* 

/ 

6561.1652 

P(19) 

6U56.3U.10 

H(16) 

6563,3939 

P(21) 

6UU8.8106 

8(17) 

6565.579U 

F(  22) 

6UUU.98U6 

8(18) 

6567.7216 

P(23) 

6UU1.118U 

8(19) 

65:69.82oU 

P(2U) 

'l.V#  O'M?' 

0 tA.17 

8(21) 

6573.8880 

P(25) 

6U33.2653 

8(22) 

6575.8567 

P(26) 

6U29.2787 

R(23) 

6577.7819 

R(2U) 

6579.6636 

8(26) 

6583.2965 

SgBSWFWi  »#sr» 
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Figure  1.  Plot  of  the  ratio  t^/tg  versus  wave  length  X as  measured 
for  13.20  arid  5-95  ram  spacers  oi  the  Fabry  Perot  etalon. 

Figure  2.  Theoretically  aid  experimentally  determined  phase  shift 
in  orders  of  interference  versus  wave  length  for  triple 
coated  dielectric  interferometer  plates » 

Figure  3„  (30-By)/r  versus  (v+1)  for  the  progression  QOO-OOX  of  HP? 
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AMD  RAMAN  SPECTRA  OP  1,1-DIMETHILHIDRAZINB  AND  TRD-IETHYIilZDRAZINE 
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Now  York 
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Infrared  spectra  of  1,1-dimethylhydrazine  between  700  and  I600cm~l 
for  the  gas  phase  and  between  700  and  3 500cm“l  for  the  liquid  phase  and  of 
trimethylbydrssine  between  700  and  3500  cm--*-  for  the  gas  and  liquid  phases 

are  reported  along  witn  tne  Raman  spec  Lx-u  of  the  two  compounds*  Ti-ocruenoy 
assignments  are  given  for  both  compounds. 

I INTRODUCTION 


The  fundamental  frequencies  of  1,1-dimethylhydrazine  pnd  trims  thylhydra  zine  wore 
needed  for  calculations  of  the  entropy  of  theix-  vapors  followed  by  compxrisc'n  with  the 
calorimetric  values  to  yield  values  of  the  barriers  hindering  internal  rotation  about 
the  N-N  bond  in  tbs  two  compounds.  Such  a comparison  has  already  been  made  for- 

£ f 

hydrazine4,  me thylhydrazine J and  1, 2-dimethylhydra?ineD. 


^D.  W.  Scott,  J.  D.  Oliver,  M.  E.  GroBs,  W.  N.  Hubbax-d  and  H.  M.  Huffman,  J.  Am.  Chem. 
Soc.,  71,  2293  (1949). 

5j.  G.  Aston.  H.  L.  Fink,  G.  J.  Janz  and  K.  E.  Russell,  J.  Am.  Chem.  Soc.,  73,  1939 
(1951). 

^J.  G.  Aston,  J.  G.  Janz  and  K,  E.  Russell,  J.  Am.  Chem.  Soe.,  73, 
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1943  (1951). 


II  EXPERIMENTAL 

(a)  Materials.  - In  both  cases  part  of  the  calorimetric  samples  were  used.  The 

n 

1,1-dime thy Ihydrazine  had  0,01  mole  per  cent  impurity',  and  the  trimethy Ihydrazine  had 
?J.  G.  Aston,  J.  L.  Wood  and  T.  P.  Zolki,  J,  Am.  Chem.  See.,  76,  0000  (1954), 

a 

2.1  mole  per  cent  impurity.  The  high  percentage  impurity  in  the  latter  case  was  due 
8 

J.  G.  Aston  and  T.  P.  Zolki.  To  be  published. 

to  the  difficulty  of  preparation  and  a very  closely  boiling  impurity  which  was  difficult 
to  remove  by  fractional  melting  with  the  quantity  of  sample  at  our  disposal. 

(b)  Raman  Spectra.  - The  Raman  spectra  were  obtained  with  a three-prism  spectrograph' . 

^D.  K.  Rank,  R.  Scott,  and  M.  R.  Fenske,  Ind.  Eng,  Chem.,  Anal.  Ed.  14.  836  (19A2) . 

Excitation  was  the  mercury  blue  iine,4358A,  produced  by  a pair  of  low  pressure  mercury 
arcslO  using  a filter  consisting  of  saturated  aqueous  sodium  nitrite  solution  in  two 

H.  Rani:  and  J.  S.  McCartney,  J.  Opt.  Soc.  Am.  38,  279  (1948);  D.  H.  Rank,  N. 

Sheppard,  and  G.  J.  Szasz,  J.  Chem.  Phys,  16,  698  (1948). 

cylindrical  condensers.  Eastman  103a-0  spectroscopic  plates  backed  with  opaque  red  ware 
need.  The  Raman  shifts  ware  determined  from  measurements  on  comparison  spectra  made 
using  an  iron— chromium  (utaxiiless  otoox;  are  with  a 20"  f/8  camera  (giving  a linear 
dispersion  of  19A/mm.  at  4600 A. ) for  the  1,1-dimethylhyarazine  and  with  a 10"  f/3.5 
camera"'*  (dispersion  32A/mm.  at  4600A)  for  the  trimethy ihydrazine.  Qualitative 

D.  H„  Rank,  J.  Opt.  Soe.  Am.  40,  462  (1950). 


t. 
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depolarization  determinations  were  obtained  photographically  by  the  method  of  polarized 
"IP  .... 

incident  light x using  a 5”  f/2  camera"1  . Exposure  time  up  to  40  hr,,  were  used,, 

L^A-  E.  Douglas  and  D.  H.  Rank,  J,  Opt,  Soc„  Am.  38,  281  (1948)  j D,.  H.  Rank.  B.  D. 
Saksena,  and  E.  R.  Shull,  Disc.  Faraday  Soc„  No.  9,  187  (1950). 


(c)  Infrared  Spectra,  - The  infrared  spectra  of  the  liquid  and  gas  phases  of 
the  two  compounds  were  obtained  with  a i ci  kin- 2J.mSxj  Model  120  infrared  spectrometer 
which  had  been  modified  to  the  Walsh  double-pass  optical  arrangement11  and  equipped  with 

^A.  Walsh,  J , Opt.  Soc.  Am.  42 » 96  (1952), 

prisms  of  lithium  fluoride,  sodium  cnioride,  and  potassium  bromide.  The  gas  phase  spectra 
were  obtained  with  a 10  cm.  cell  at  two  pressures,  a lower  pressure  to  obtain  detail  in 
the  strong  bands  and  a higher  one  to  detect  weaker  bands.  The  data  on  the  two  compounds 
are  recorded  in  Tables  I and  II. 


Ill  DISCUSSION 

In  considering  the  spectrum  of  1, 1-dime thylhydrazine  comparison  was  made  with  the 
assignment  for  trimethyla.nine“v  when  assigning  frequencies  to  the  skeletal  modes.  This  is 

14 

.7.  Or.  Aston.  M.  L.  Sagenkahn,  G,  J.  Szasz,  G.  W.  Moessen  and  H.  F.  Zuhr,  J.  Am.  Chem„ 
Soc.,  66,  11.71  (1944). 

justified  by  the  fact  that  the  present  molecule  has  an  approximate  geometrical  symmetry 
of  C-?,,r  and  the  N-N  force  constant  is  not  greatly  different  to  that  of  G--C  as  can  be 
seen  by  comparing  the  spectrum  of  methyl  hydrazine1'’  with  that  of  dimethyl  amine. 


15D.  W.  E.  Axford,  G.  J.  Janz,  and  K.  E„  Russell,  J„  Chem,  Phys  19,  704  (1951). 
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Regard  was  paid  to  thia  approximate  symmetry  in  making  use  of  the  polarizations  as  a 
guide  in  the  assignments.  In  assigning  the  NH  stretching  and  bending  frequencies 

It: 

comparison  was  made  with  the  spectrum  of  methylhydrazine  . 

In  assigning  frequencies  to  the  skeletal  modes  of  trimethylhydrazine  comparison 
was  made  with  iso-pentane^  and  when  treating  the  NH  stretching  and  bending  comparison 

■^S.  c„  Schumann,  J.  G,  Aston  and  Malcolm  Sagenkahn,  J.  Am,  Chem.  Soc.  64,  1039  (1942) 
was  made  with  sym,  dimethylhydrazine^ 

The  assignment  is  given  in  Table  III  while  Table  IV  gives  the  anation  of 
frequencies  unassigned  for  1,1-dimethylhydrazine  as  combinations  of  assigned  frequencies. 
In  the  case  of  trimethylhydrazine  there  are  six  unassigned  combination  hands  between 
p 2458  and  268 5 cm-"1-  in  the  liquid  infrared  which  do  not  appear  in  the  liquid  Raman  spectrum. 
No  attempt  ia  made  to  assign  these  bands. 
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INFRARED  AND  RAMAN  SPECTRA  1, 1-DIMETHYLHYBRAZINE 


1 

In  flared 

Raman 

B 

(uas) 

( Liquid) 

(Liquid) 

1 v 

ia  SI 

,ructure 

iL 

/ 

Structure 

A'Tk 

/ 

b 

Pol, 

Breadth 

282 

(w) 

(p) 

Diffuse  & 

broad 

418 

(mi 

(p) 

Narrow 

Sf 

mi  ■ 

445 

(m) 

(?) 

Narrow  with 
diffuse  wing  al 
longer  A 

1 803 

(vs) 

pqr 

793 

s 

Br  oad 

809 

vs 

P 

Narrow 

I 904 

(s) 

pqr 

848 

? 

4 961 

m 

q 

944 

s 

Broad 

957 

w 

pp? 

Diffusa 

1 1016 

VW 

1009 

s 

Broad 

1027 

m 

P 

Narrow 

f 1046 

vs 

pqr 

| 1090 

• !• 

m 

q 

1069 

s 

Br  oad 

1061 

a 

PP 

Diffuse  but  nol 
too  broad 

' ^ ■ 

-y 

s 

q? 

1140 

s 

? 

1150 

s 

P 

Narrow 

1153  Branch  on 

1139 

1214 

m 

pqr 

1201 

a 

*5 

1 

1212 

m 

dp? 

Narrow 

P 

1243 

m 

? 

1248 

m 

PP 

Diffuse  but 

i 

narrow 

1301 

r Sr 

m 

pqr 

1321 

s 

O 

; 

1323 

vvw 

dr? 

Diffuse 

1 / nc 

vn 

H-n 

Narrow 

1457 

m 

pqr 

vs 

1423 

s 

dp 

Broad 

1593 

m 

7 

— 

1599 

w 

PP 

Diffuse 

i 

276A 

m 

2774 

? 

Covered  by  Kg 
line 

I 

1 

2811 

m- 

2817 

? 

P? 

Narrow  blends 
Into  Hg  line 

> P 

28Z4 

2849 

™-S 

P 

Narrow 

1 

2881 

w 

P 

Narrow 

I 

2944 

m 

2950 

s 

P 

Narrow 

r m 

OA/f 

47  * 

v 

OttOC* 

All 

dp 

Di f fuse 

< K 

3126 

vw 

3141 

Til 

P 

Narrow 

i 

ffi 

3298 

y 

3330 

vw 

dp? 

Diffuse 

'1  a 

WVI  j 

vw,  m. 

s,  vs  denote  respectively; 

extremely  weak,  very  weak,  weak,  medium, 

strong  and 

very 

strong. 

pp,  "F  denote  respoc 

lively?  depolarized,  partly 

polarised, 

and  polarized. 

TABLE  II 


V INFRABED  AND  RAMAN  SPECTRA  OF  TRIMETHYLHYDRAZINE 
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ASSIGNMENTS  FOR  1, 1-D IMETHYLHYDRAZ INE  - TRIMETHYLHIDRAZ INE 
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COMBINATION  FREQUENCIES  FOR  1 , 1-D IM5THTLHYDRA Z INE 


•;  | 

! 1 

4 £• 

Infrared 

(gas) 

Raman 

(Liquid) 

Combination 

t 

i TP' 

1 . 

n nl  t 
xcx>+ 

JuiCXjC. 

/ 1 o . 

t- 

Oao 

* ?■' 

nrvn  i 

< f /4 

418  + 803 

+ :5S 

2817 

1405  + 

1423 

l t 

2849 

2 x 

145? 

* * 

23S1 

1593  + 

1301 

«SSS?«ss 


jtmm 


* 


tr 


Q_ 

CD 


' tx  !±i 

ov.  = 


INDEX  OF  REFRAG  HON  OF  alR  IN  THE  INFRARED 
D.  H.  Rank  a: id  J„  N,  Shearer 

of  Physics,  The  Pennsylvania  State  University,  State  College,  Pa« 

Cm  bo  i 

^^j^Agjaepr  formula  has  been  derived  by  Edlen  for  the  dispersion  of  air 

throughout  the  entire  spectrum.  This  formula  was  derived  making  use  of 

only  data  obtained  in  the  visible  and  ultra  violet.  The  only  measurements 

available  for  the  index  of  refraction  of  air  beyond  l.CJu.  are  those  reported 

2 

recently  hy  this  laboratory.  W@  have  improved  our  measurement  technique 
in  that  greatly  improved  thermal  stability  of  the  etalon  has  been  achieved. 

We  have  constructed  all  the  metal  parts  of  the  etalon  of  invar  and  the  plates 
of  fused  quart®. 

New  measurements  have  been  marie  of  the  index  of  refraction  of  air 
making  use  of  the  method  of  exact  orders.  A 13  2 mm  spacer  was  used  for 
the  plate  separation.  We  have  checked  our  method  by  determining  the  index 
of  refraction  in  the  visible  where  precise  measurements  are  available. 

In  the  visa  bla  use  was  made  of  the  Hg  green  line  which  can  be  reversed 
when  sufficiently  high  pressure  is  used  in  the  arc.  The  yellow  Hg  line 
was  used  as  the  emission  ha.se  for  Ox  t/h.6  Ig  absorption  lines.  We  have 
also  made  index  of  refraction  determinations  by  a method  which  made  use  of 
emission  lines  from  a Hgl98  lamp.  Measurements  by  this  method  were  made 
at  X * if? 3 00 A and  X » 51x62, 3A,  A 2.9  mm  spacer  was  used  in  the  inter- 

V * 

ferometer  for  the  measurements  made  with  the  emission  lines. 


The  results  of  our  new  measurements  are  summarized  in  Table  1.  Our 
measurements  are  not  of  sufficient  precision  to  compete  with  the  best 
index  measurements  mads  in  the  visible  part  of  the  spectrum.  The  measure  * 
This  research  was  assisted  by  support  from  Contract  N6cnr-26 9,  Task  V of 
the  Uo  S.  Office  of  Naval  Research;, 


ments  in  the  risible  were  made  only  'to  serve  as  a check  on  the  reliability 
of  our  methous,  slice  our  methods  seem  to  have  the  same  sensitivity  in  the 
infrared  as  in  the  visible  part  of  the  spectrum.  Within  the  limits  of  our 
error  we  obtain  the  index  of  refraction  of  air  predicted  by  the  Edlen* 
formula  for  the  visible  part  of  the  spectrum, 

/ 

In  uhe  infrared  our  measurements  of  (n-1)  x 10  are  greater  than 

8 

that  predicted  by  the  Ed lan  formula  by  0.1*3.  Our  result  is  in  accord 

3 

with  the  measurements  of  Essen  for  3 cm  waves  which  vields  (n-li  x 

a 

10  «■  273oO£.  Dr.  Essen  (private  communication)  informs  us  that  this 
value  should  be  reduced  to  272,6$  to  bring  the  measurements  into  accord  with 
optical  meae cements . The  correction  is  due  to  the  effect  of  one  of  the 

5 

microwave  oxygen  absorption  lines.  The  value  calculated  for  (p-1)  x 10~ 

8 

for  3 cm  waves  from  the  Edlen  formula  is  272.$$  wnirh  makes  the  measured 
value  high  by  0-30  with  reference  to  the  Edlan  formula,  Thus,  the  weight 
of  the  experimental  evidence  seems  to  show  that  the  Edlen  formula  predicts 
a (}4-l)  too  small  by  slightly  more  than  one  paid;  in  1GCC  in  the  infrared 
region  of  the  spectrum  beyond  1 micron. 

Our  experience  with  the  Fabry  Perot  etalon  in  making  the  index  of 
refraction  measurements  of  air  leads  us  to  the  conclusion  that  much  more 
precise  .easurements  can  b3  made  with  a modified  TVyman  Green  interferometer 
where  lower  fringe  sensitivity  must  be  accepted  but  very  long  air  paths 
can  be  used.  The  thermal  disturbance  created  in  the  interferometer  by 
evacuating  the  cell  or  filling  with  gas  would  be  negligible  in  the  Twyman 
Ch'-eou  while  in  the  Falny  Perot  this  thermal  effect  is  large  and  hard  to 
completely  eliminate . 
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fable  lo  Summary  of  index  of  refraction  of  air  measurements.  Av  refers 

to  wavelength  in  vacuo.  Goluon  headed  source  refers  to  source  of  spectrum 

line  used.  Sources,  e.g.  Hgl?8E,  means  the  measurements  were  made  by  an 

emission  technique.  All  other  measurements  marie  making  use  of  absorption 

lines.  Coxumn  5 gives  the  number  of  determinations  made.  Column  6,  A.D.N., 

average  deviation  from  the  means  column  7 measured  minus  calculated,  values 

of  ((jo-1)  * AH  index  of  I’ai'j action  measi&'amenta  are  based  on  dry  CO^-xree 
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In  order  to  obtain  the  highest  accuracy  in  interferometric  wa/elength 
measurements  with  energy  integrating  devises,  the  theory  of  the  Fabry  Perot 
interferometer  must  be  extended.  In  this  paper  the  portion  of  the  theory- 
dealing  with  the  integrated  energy  in  the  part  of  the  Fabry  Perot  ring 
system  virtually  intercepted  by  a slit  of  finite  length  is  presented.  Wc 
are  assuming  that  the  interferometer  is  placed  in  parallel  light  and  an 
infinitely  narrow  band  of  wavelengths  is  used.  For  this  situation*  it  is 
shown  how  the  order  at  Lhe  center  of  the  ring  pattern  corresponding  to 
maximum  and  minimum  energies  respectively  varies  with  slit  height » The 
contrast  is  than  determined  as  a f -unction  of  slit  height.  The  experimental 
methods  for  measuring  r.hese  quantities  are  described  and  the  results 
compared  with  theory » The  theory  is  also  exte  ided  to  ti  e case  of  an 


actual  channel  spectrum  where  a finite  band  of  wavelengths  is  present 


*»  2 • 


A Pa'ory  Perot  etalon  used  in  conjunction  with  a high  resolution 

grating  spectrograph  is  capable  of  producing  a sensitivity  of  wavelength 

measurement  in  sxcc  S3  C»X  1 part  ir.  twenty  MDAun  in  the  1 to  2 micron 

1 

region  of  the  infrared  spectrum.  The  conversion  of  this  high  wavelength 

sensitivity  into  relative  and  absolute  wavelength  measurement  demands 

careful  scrutiny  of  the  theory  of  the  etalon.  In  this  pape~  we  shall 

treat  only  the  portion  of  the  theory  dealing  with  the  integration  of  the 

energy  in  the  part  of  the  ring  system  virtually  intercepted  by  a slit  of 

finite  length.  The  problem  of  ph  se  shift  in  the  interferometer  films  as 

a function  of  wavelength,  pdr-tieuiarly  for  multi-layer  dielectric  films, 

will  bo  treated  in  a subsequent  paper.  In  addition,  we  shall  limit  our 

treatment  to  the  case  of  p rallel  light  since  for  the  most  precise 

measurements  the  slight  extra  effort  necessary  to  use  parallel  light  is 

fully  justified  because  of  tie  simplification  of  the  theory  involved. 

A theoretical  attempt  to  solve  the  problem  treated  in  this  paper  has 
2 

beei  made  by  Jaffa  both  for  parallel  and  convergent  light.  Jaffe '5 
treatment,  however,  involves  an  approximation  in  his  original  integral 
so  that  his  conclusions  are  not  strictly  valid.  When  his  theory  is 
applied  wavelength  measurements,  the  predicted  shifts  in  the  maxima 
of  the  fringes  do  not  actually  occur.  In  addition,  the  visibility  curves 
obtained  from  this  treatment  are  incorrect 0 

Theoretical  treatment 

peferring  to  Fig.  1 and  nv  king  use  of  the  well  known  expression  for 
the  distribution  of  light  in  a Fabry  Perot  interference  pattern,  the  light 
intensity  at  any  angle  Q on  the  detector  arising  from  ar$r  point  on  the 
uniformly  illuminated  exit  slit  is  given  by  (in  the  absence  of  absorption): 
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where  I„  is  the  intensity  of  the  light  incident  on  the  etalon  which  can 


fca  set  equal  to  unity.  F • 


±JL 


. where  R is  the  reflectivity  of  the 


O-Rf 

interferometer  plates,  t the  separation  of  the  plates  and  X the  wavelength 
of  light  in  the  interferometer.  The  total  light  flux  intercepted  by 


xne  aetector  isi 


5.  - W j l#  dj( 


J. 
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where  W is  the  width,  of  the  exit  slit  which  is  assumed  to  be  very  small 
Making  elementary  substitutions  we  can  write  Eq.  2 ass 

r1  r5 

Sj,  = 2V/U  j Tftde  + 2WL  I#  {-an “9  d» 

4 ' 4 

Since  the  maximum  value  of  §^0,01  radian,  the  magnitude  of  the  second 

ral. 

integral  in  Kq0  3 is  approximately  10"^  that  of  the  first  integral  and 
hence  can  be  completely  negl acted 0 

Let  us  call  the  phase  difference  between  sucessive  interferring 

]^T»+. 

beams  at  the  center  of  the  pattern  5 * ~r—  and  6*6_cos  6 0 'Me  then 

OK  O 

obtain  from  Eq„  3: 
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where  e = 5 x , cos  9 * l-e*  and  sin  6 » (1^5”/6  Eqn  L can  be 


expanded  intc  a series  anu  the  integrat  luii  p5  rformed.  The  series,  however, 
converges  so  slowly  that  this  analytic  solution  of  the  problem  is  not 
useful. 

We  have  solved  our  problem  for  a specific  cass  by  numerical  integration 

of  Bq.  1.  This  process,  while  somewhat  tedious,  gives  us  the  desired 

information.  By  plotting  the  function  IQ  versus  6 for  progressively 

changing  orders  of  interference  n at  the  center  of  the  ring  pattern,  n »6  , 

0 o 0 

and  than  numerically  integrating  the  area  under  these  curves,  one  car. 
obtain  the  energy  integral  as  a function  of  the  number  of  rings  4 
intercepted  by  the  detector  ( 4 ■ es/2n  ) c From  this  data  one  can  then 
determine  which  values  of  nQ  give  maximum,  and  minimum  values  respectively 

s 

for  for  a given  4,  and  also  the  ratios  K » t™rx.  for  each  case, 

Sa  min 

In  order  to  perform  our  numerical  integration,  it  is  necessary  to 
know  the  reflectivity  of  the  interferometer  plates  and  the  separation  of 
the  plates  as  well  as  the  wavelength  of  light  used.  Our  particular 
interferometer  plates  were  coated  with  \/h  films  of  ZnS  - MgF  - &nS 
and  had  a directly  measured  reflectivity  of  62 *2%  for  X 5770  A.  We  have 
obtained  the  reflectivity  which  we  have  used  in  our  calculations  in  a 
somewhat  different  manner  than  diroct  measurement  for  a number  of  reasons,, 


K » lim~22L 
&■*£' h wise 


We  have  chosen  K » lira  ■ as  the  definition  of  the  "Fabry  Perot 


reflectivity"  of  our  3 talon  plates.  KQ  was  obtained  by  measuring  the 
contrast  K for  very  small  exit  slit  heights  (see  Fig.  2)  and  then 
extrapolating  to  aero  3iit  height.  The  value  obtained  for  R by  this 
method  of  57 *2% 0 
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The  process  of  using  the.  reflectivity  derived  from  Kq  seems  justified 


in  that  the  value  of  E calculated  from  wuGoo  mooSulTciuOn  w>5  SaIO^Xm  vG  the 


effective  reflectivity  R responsible  for  the  intensity  detail  in  the 
multiple  beam  interference  pattern.  The  physical  reasons  for  Rg  being 
slightly  smaller  than  the  directly  rasas  i red  R are  at  least  threefold,. 
First,  the  two  plates  have  slightly  different  reflectivities  since  they 
were  prepared  separately;  second,  there  is  a slightly  imperfect  figure  on 
the  interferometer  plates;  and  third,  not  strictly  monochromatic  light  w»« 
used  in  making  the  contrast  measurement.  The  third  reason  probably  had 
only  small  effect  since  the  breadth  of  tne  Hg  1yd  lines  only  becomes 
grossly  observable  when  t ■«  25  mm  or  greater.  Our  contrast  measurements 
were  made  with  t « 6 jse0 


{TvnaM  nu-«  o *m» •,«»> 
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It  is  not  po6sJble  to  make  accurate  measurements  of  the  relationship 
between  ths  number  of  ring3  A intercepted  by  the  detector  and  the  fractional 
order  c at  the  center  of  the  ring  pattern  by  using  a channel  spectrum. 

This  is  due  to  the  finite  resolving  power  of  the  spectrograph  which  prevents 
the  light  fad  into  the  interferometer  by  the  monochromator  from  being 
strictly  monochromatic.  Fortunately,  it  is  possible  to  strictly  simulate 
the  channs  d.  5pv  ctrum  using  monochromatic  lighto  An  interferometer 
ordinarily  produces  a charnel  spectrum  if  the  wavelength  is  modulated  at 
the  erit  slit.  However,  the  simulation  of  a channel  spectrum  using 
monochromatic  light  can  be  accomplished  by  modulating  the  wavelength  in 
the  interferometer  by  changing  the  air  pressure. 
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A schematic  diagram  of  our  apparatus  is  shown  in  Fig.  2,  is  ths 
oxl t slit  of  the  grating  monochromator,  The  slit  is  provided  with  a draw 
slide  which  allows  the  length  of  the  slit  to  be  varied  at  will,  thus 
permitting  the  formation  of  the  desired  number  of  interference  rings. 
and  Lg  are  the  collimating  and  objective  lenses  respectively,  and  P is  a 
multiplier  phototube  whose  output  is  amplified  and  recorded  on  a Brown 
records,*.  The  'position  cf  the  Fabry  Perot  e talon  E mounted  in  a chantoar 
so  that  ths  air  pressure  can  be  varied  at  will  is  shown  in  Fig,  2.  It 
should  be  noted  that  E is  placed  at  the  exit  pupil  of  the  equivalent 
telescope,  the  objective  of  which  is  the  mirror  focussing  light  from 
the  grating,  and  the  eyepiece  is  the  collimator  L.,  for  the  interferometer 
in  Fig.  2.  At  the  position  E,  the  area  of  the  parallel  earn  is  a minimum 


since  all  parallel  rays  must  pass  through  this  position  “here  the  image  of 
ths  entrance  pupil  is  formed.  B indicates  the  position  of  a plane  parallel 
plate  which  is  used  as  a beam  splitter  to  facilitate  observations.  D is 
a Dove  or  so-called  vertical  rotating  prism  whose  function  is  to  rotate 
the  image  of  the  slit  through  90°,  i,e.  from  a vertical  to  a horizontal 
position-  The  angular  diameter  of  the  bright  rings  can  thus  be  measured 
airectly  by  means  of  tne  spectrometer  indicated  in  the  figure  by  its 

M 

telescope  T.  The  spectrometer  was  capable  of  measuring  angles  to  10  of  arc. 

Light  from  a Hg  198  lamp  furnished  by  the  National  Bureau  of  Standards 
was  used  for  all  measurements.  The  exit  slit  illuminated  by  one  of  the 
mercury  lines  was  diaphragmed  to  the  desired  length  by  means  of  the  draw 
slide,  The  air  pressure  was  modulated,  by  pumping  or  allowing  air  to  leak 


slowly  into  the  etalcn.  ns 


modulation  of  wavelength  progressed,  the 


recorder  indicated  the  energy  present  in  the  interference  pattern.  The 
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maxima  and  minima  could  be  precisely  ascertained  from  the  recorder  chart.-. 

Car-  procedure  was  to  find  a maximum  or  minimum  by  changing  the  air  pressure . 

When  such  a maximum  or  minimum  was  produced,  the  modulation  was  discontinued 

and  the  angular  alamo  ter  of  the  rings  rwasured  by  means  of  the  spectrometer 

Tc.  To  observe  the  rings,  it  was  only  necessary  to  open  the  draw  slide 

regardless  of  the  slit  height  used  for  setting  on  maxima,  or  minima,  Th s 

fractional  order  of  interference  e at  the  center  of  the  pattern  can  be 

2 

calculated  from  the  well-known  relationship  e + p»2t  & f where  (b  is  the 

X 

angular  diameter  of  the  interference  ring  and  p the  number  of  bright  rings 
counting  from  the  center  f the  pattern.  The  ring  diameters  could  be 
measured  with  sufficient  precision  so  that  c could  be  determined  to  somewhat 
better  than  0.01  orders 0 

The  curve  A shown  in  Fig.  3 gives  the  results  of  or;  msssurements  of 

order  ? at  the  center  of  the  pattern  plotted  against  the  number  of  rings  ft 

subtended  by  the  slit  when  the  intensity  id  a maximum.  Curve  B ie  the 

result  of  the  numerical  integration  described  in  the  theoretical  section 

of  this  paper . Curve  A,  rig.  ii,  represents  the  experimental  result  obtained 

when  the  intensity  produced  is  a minimum,  while  curve  B is  again  the 

calculated  result.  Fig.  5,  curve  A,  is  a plot  of  the  measured  value  of 

the  contrast  K-  — versus  the  number  of  rings  A subtended  by  the  slit0 

witv; 

Curve  B,  Fig,  $t  is  the  calculated  contrast  curve  again  obtained  from  the 
numerical  integration  process.  Fig.  6 is  an.  enlargement  of  part  of  the 
curves  shown  in  Fig,  5» 

Tha  results  given  in  Figures  3.h,5  and  6 show  that  the  agreement 
between  theory  and  experiment  is  excellent.  The  minor  differences  between 
calculated  and  observed  curves  are  near  the  limit  of  experimental  precision 
obtainable  with  the  present  apparatus.  The  relatively  larger  discrepancies 
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between  curves  A and,  b in  Fig0  U are  due  to  two  main  factore?  first,  the 
intensity  minima  are  much  broader  than  the  maxima  and  hence  the  error  made 
in  modulating  the  air  pressure  is  roughly  3 or  ii  tii>as  that  made  in  setting 
on  a maximum.  Second,  since  e shirts  much  ■no^e  rapidly  with  A for  a 
minimum,  stricter  requirements  are  set  on  the  measurement  of  the  exit  slit 
height.  In  cur  experiment,  a cathetor.eter  was  used  to  measure  the  slit 
height  and  settings  were  made  to  better  than  0»1  mm.  For  a slit  height 
corresponding  to  one  ring,  this  would  introduce  an  error  in  a of  0.05*0 

It  should  be  noted  that  the  maxima  aid  minima  of  the  integrated  energy 
are  exactly  0,5  orders  apart  only  when  the  angular  subtense  of  the  slit 
approaches  zero.  The  order  shifts  slowly  for  maxima  as  z function  of 
angular  subtense,  while  the  minima  are  displaced  very  much  more.  Fig.  7 
reproduces  some  cx  the  fringes  obtained  by  using  monochromatic  light  end 
slowly  changing  the  air  pressure  in  the  interferometer,  aa  previously 
described.  Curves  A B and  C show  these  simulated  channel  fringes  produced 
with  exit  slit  heights  corresponding  to  2=8 ?,  0.99  and  0.13  rings  respec- 
tively, It  v-ili  be  noted  in  Fig,  7,  curve  A that  while  the  shape  of  the 
fringes  is  somewhat  determined  by  the  rate  of  pumping,  the  asymmetry  is 
real,  and  shows  up  in  the  same  way  both  when  air  is  let  into  and  out  of 
the  e talon.  Also  note  that  the  fringe  corresponding  to  A - 0.13  ring 
is  completely  symmetric* 

Asymmetry  ef  the  channel  fringes  can  eabily  be  eliminated  by  arranging 
the  apparatus  so  that  only  a.  small  fraction  of  a ring  is  subtended  by  the 
exit  slit*  Unde?  this  condition,  the  contrast  is  also  improved  and  any 
fringe  shift  of  maxima  with  wavelength  is  minimized  and  can  be  corrected  for 


if  necessary* 
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Application  of  Tiiaorv  to  the  Channel  Spect rum 

As  was  noted  previously  in  this  paper,  the  theory  developed  is  net 
directly  applicable  to  an  actual  channel  spectrum.  In  order  to  mathematically 
approximate  the  real  situation  in  which  a narrow  band  of  wavelengths  is  fed 
into  the  interferometer  by  the  grating  monochromator,  the  narrow  band  was 
replaced  by  several  discrete  wavelengths  such  that  the  difference  between 
extremal  lines  squalled  the  band  width  to  be  approximated.  Then  the 
distribution  of  light  in  a Fabry  Perot  interference  pattern  for  this  system 
was  obtained*  by  calculating  Iq  from  Eq»  1 for  each  wavelength  ar>d  than 
averaging  all  the  values  for  a given  0O  When  the  resulting  pattern  was 
compared  to  the  pattern  for  central  wavelength  alone,  it  was  seen  to 
have  much  lower  maxima  corresponding  to  the  Bright  rings  and  more  light  in 
the  minima 0 If  tie  band  to  be  approximated  was  sufficiently  narrow,  the 
resulting  interference  pattern  was  almost  that  obtained  with  monochromatic 
light  and  interferometer  plates  of  a lower  reflectivity.  However,  for 
wider  band  widths,  the  intensity  pattarn  could  not  be  approximated  in 
this  manners 

As  an  example,  intensity  curvas  were  ccmpnted  for  five  wavelengths 

spreading  0.176  A around  a central  component  A 17,670  A (choosing  an 

interferometer  spacing  such  that  the  order  of  interference  at  the  center 

of  the  pattern  was  14,330.00; 0 The  reflectivity  of  the  plates  was  assumed 

to  be  69% a The  resulting  curve  with  the  maxima  normalised  to  unity  is 

the  solid  curve  shown  in  Fig.  8.  When  the  apparent  reflectivity  for  this 

JL..M 

curve  was  computed  from  the  relation  -™‘‘n  - 

1mm 

62.1$.  The  curve  for  monochromatic  light  A 17,670  A and  this  lower 


it  was  found  to  be 


reflectivity  was  then  computed  ai.d  is  the  dotted  curve  i«  Fig.  8„  A mors 
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detailed  account  of  those  calculations  is  given  in  the  master's  thesis 
of  Pisaniello,' 

It  is  assn  from  the  corves  that  one  makes  an  appreciable  error  by 


using  the  approximation  of  monochromatic  light  and  a lower-  reflectivity* 


Tne  percent  difference  between  the  areas  under  the  two  curves  is  11  * 2$ 
for  A ■ 0.1  ring  and  this  difference  increases  with  increasing  A;  giving 
an  error  of  17.1$  for  A * 3»5  rings.  A slightly  closer  approximation  of 
the  average  curve  might  have  been  made  by  assuming  monochromatic  light 


and  a reflectivity  l<s?er  than  62. it?.  However,  if  one  wished  to  obtain  a 
contrast  curve  for  a channel  spectrum  similar  to  Fij„  5.  it  would  be  beet 
to  start  with  the  Ig  xv&r&ga  using  enough  wavelengths  to  approximate 

ths  continuum  to  the  desired  accuracy,  and  then  proceed  as  outlined  in  the 


theory  section  of  this  paper.  TMr  not  done  in  our  case  sines  it  was 
felt  that  the  knowledge  obtained  did  not  justify  the  extremely  large  amount 
of  labor  involved.  Hew  ever,  one  of  the  large  automatic  computers  could 
easily  solve  this  ? or  w of  problem. 
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Figure  Is 


Legends  for  Figures 


Interferometer  placed  In  parallel  light,  S 
collimating  lens,  E Fabry  Perot  e talon,  Lj 


^ source, 
objective  lens 


of  focal  length  L,  Sg  detector 0 

Figure  2:  Diagram  of  apparatus,  exit  slit  of  grating  monochromator, 

1^  and  collimating  and  objective  lenses  respectively,  P 
multiplier  phototube,  E-  Faory  Perot  u talon,  B beam  an  Utter, 

D Dove  or  vertical  rotating  prism,  T telescope  of  spec trome tar „ 
Figure  3:  Curves  A and  B show  the  experimantal  and  calculated  order  e 


at  the  center  of  the  ring  pattern  plotted  against  the  number 
of  rings  A subtended  by  the  slit  when  the  intensity  is  a 


maxi,  mum  o 


Figure  U: 

Figure  5* 

Figure  6 s 
Figure  7* 


Figure  8s 


Curves  A and  B show  the  experimental  and  calculated  orders  e 

plotted  versus  A when  tho  intensity  is  e,  minimum., 

Plot  of  the  measured  and  calculated  values  of  the  contrast 
5. 

K - _dl222£_.  versus  the  number  of  rings  a subtended  by  the  slit„ 

-A  t™,| 

Enlargement  of  part  of  Fig.  5= 

Parts  A,  B and  C show  fringes  of  the  similatad  channel  spectrum 
produced  when  the  slit  subtended  2„S7>  0 =9?  and  Q.I3  rings 
respectively.  Part  4 shews  fringes  produced  by  modulating  the 
air  pressure  in  opposite  directions. 

Intensity  distributions  Ie  versus  6 for  (A)  monochromatic  light, 
and  (B)  a narrow  band  of  wavelengths.  For  curve  A,  X - 17,670  A, 
nQ  « lit, 930. 00  and  R ■ 62„i$.  Curve  B is  an.  average  of  five 
wavelengths  centering  around  X «■  17,670  A with  0.176  A between 
extremal  lines  and  R » 6 9%o 


A rsuralv  interferometric  mathnd  i.q  suer  pentad  bv  which  tnnvm  atan- 
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da;rd  wavelengths  in  the  visible  part  of  the  spectrum  are  used  to 
determine  new  vavele ngtfc  standards  in  the  infrared.  The  crniicatlon  of 
the  method  of  exact  fractions  to  : inurements  made  using  a Fabry  Paroi 
interferometer  whose  plates  art  . • ed  with  highly  reflecting  dielectric 
films is  discussed*  It  is  shown  tv."  the  large  phase  cor x octicns 
introduced  by  these  films  may  be  reduced  to  differential  corrections 
if  relative  wavelength  measurements  are  ri.de  near  wavelengths  for  which 
the  phase  change  on  reflection  is  n0  A method  of  experimentally  dater= 
mining  both  the  differential  correction  and  wavelengths  at  which  the 
phase  change  of  n occurs  is  suggested,, 


1 


It  is  well  known  that  the  most,  difficult  problem  with  regard  to 


measureraant  of  precise  absolute  or  relative  wavelengths  is  the  deter- 
mination of  the  phase  variation  with  wavelength  produced  by  the  Inter- 
feroreter  films*  Meissner*”  has  given  a rather  complete  treatment  of  the 
mechanics  of  evaluating  these  phase  changes*  which  is  applicable  when 
the  phase  correction  is  snail 

Absorption  of  n»tal  films  nukes  them  undesirable  for  interferometer 
plate  coatings  for  the  infrared  region  of  the  spectrum,,  Multi-layer 
dielectric  films  car*  be  produced  which  nay«  negligible  absorption  and 
have  the  desired  reflectivity*  Interferometers  coated  with  these  edeissc- 
iric  films  can  be  used  in  conjunction  with  high  resolution  grating 

A 

spectrographs  to  produce  sensitivity  of  wavelength  measure merit  comparable 

2 

to  the  best  obtainaole  in  him  visible  region  of  the  snectrum,, 

Hie  absence  of  absolute  interferometric  wavelength  standards  in 
the  infrared  is  a very  serious  obstacle  to  the  production  of  accurate 
relative  wavelength  measurements  which  are  necessary  for  the  precis© 
determination  of  molecular  constants. 

In  this  paper  we  shall  explore  the  possibility  of  making  inter- 
ferometric comparison  measurements  between  "known*1  lines  in  the  visible 
p OX  tilS  SpCvtuT^ia!*  and  lines  in  the  near  infrared.  Our  experience 


from  the  photographic  region  to  the  1*5  to  2*5  p region  in  a step-wise 
fashion  because  of  the  cumulative  error  which  would  be  introduced  in 
determining  che  phase  correction  o?er  the  necessarily  large  wavelength 
interval.  In  view  of  the  above-mentioned  difficulty,  we  shall  attempt 
to  ehow  that  the  direct  determination  of  the  phase  change  vs.  wavelength 
function  can  be  made  unnecessary,  avid  that  it  should  only  be  necessary 
to  measure  certain  film  constants  and  phi«e  change  vs.  wavelength 
dif  fere.ntials  at  the  proper"  wav e lerg t-h-3 = 


Theory  of  tho  Interferometer: 

We  snail  consider  briefly  the  fundamental  aquations  for  construe- 
tive  interference  for  a Fabry  Perot  etalon  in  which  we  have  a phase 
shift  - ®+5  resulting  from  reflection  at  an  interferometer  plate* 
For  normal  incidence  the  equation  1st 

N A » z(nt*  tA  t^)  (i 


where  K is  the  actual  order  of  interference,  t the  mechanical  separa- 
tion of  the  etalon  plates,  r.  the  inden  of  refraction  of  the  medium  in 
which  the  plates  are  immersed.  6 the  departure  of  the  phase  angle  from 
n and  \ the  vacuum  wavelength  of  the  light*  If  we  substitute 
5 ■ N-l,  we  can  writs  Eq„  (I)  in  the  form: 
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It  may  be  observed  that  the  method  of  exact  fractions  can  be  applied 
strictly  to  Eq„  (2)  since  this  equation  is  identical  in  form  to  the 
aquation  for  tho  etalon  in  which  there  is  no  phase  shift 8 It  is  further 
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seen  that  ths  correction  to  the  order  resulting  from  the  deviation  in 

phase  change  from  n is  6/2 n per  plate  „ 

Ve  shivll  develop  the  simple  theory  necessary  for  the  experimental 

ae termination  of  the  phase  shifts  in  a more  general  form  than  in  our 
2 

previous  paper..  This  procedure  is  necessary  in  order  to  obtain  the 
fine  detail  which  can  later  be  made  use  of  to  apply  the  phase  shift 
results  in  a differential  manner a 


,1.00  us  consider  two  interiercmsoer  spacers  oi  msscjiaaicaj.  unxcicness 

ft  ft 

t,  arid  t0  , and  two  wavelengths  and  \n.  ‘The  orders  of  interference 
N at  the  centers  of  patterns  are  given,  for  normal  incidence,  by: 
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change  dll  introduced  by  the  phase  shift  is? 
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where  p-.  = "-,/-  and  p_  <*  N,/N  . It  will  be  noted  that  the  last  expres- 
J-  -*•  * c J u 


si  on  of  Eq,  (k'»  is  identical  to  tha  previous  result”  derived  for  da. 

MeaRureir.fi vita  nude  with  the  interferometer  dsal  with  the  optical 
thickness  of  the  interferometer  spacer.  It  must  be  pointed  cut,  however j 
that  in  employing  the  method  of  exact  fractions,  tha  method  itself  by 

Jft.  M.  y, 

tiie  use  of  the  equation  X^  ■ 2nt  =*  * ...  forces  the  deter- 

mination of  the  mechanical  spacer.  This  last-mentioned  aquation  is  the 
only  one  of  its  type  which  can  be  written  so  long  as  2;  0 regardless 
of  - whether  (p  varies  with  wavelength  or  not.  Only  if  CP  ~ 0 fair  ali 

wavelengths  can  N and  t,  be  used  for  N*  and  t*  where  nt  is  the  optical 

> 

thickness  of  the  interferometer. 

Once  t*  has  been  determined,  a knowledge  of  the  phase  shift  at 

any  wavelength  X will  allow  us  to  calculate  X if  the  corresponding  N 

is  known,  s'a  shall  show  in  the  next  section  of  this  paper  that  6’s 

can  bo  calculated  for  dielectric  films  with  sufficient  precision  so 

that  the  method  of  exact  fractions  will  allow  a unique  choice  of  N" 

* 

for  the  different  wavelengths,  Unce  these  values  of  N have  been  ob” 
tained,  the  mechanism  of  the  s$t  of  aquations  (3)  and  (L)  can  be  applied 
and  accurately  determined  values  or  6 as  a function  of  wavelength  can 


be  experimentally  determined. 

It  is  not  necessary  to  use  the  most  general  expression  (1*). 
since  a simple  transformation  can  be  made  so  that-  only  -the  6 will  enter 
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the  phass;  shift-  vs.  wavelength  function  and  thus  allow  i 
directly  instead  of  » as  required  by  (u)«  Lotting  b.  * Ht/So  and 
Pg  » Ny'H^  it  is  easily  seen  that  Eq.  (U)  reduces  to  : 

dW  =£(<£-  ) ■=  1 2 $ (K  ~ Si 
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Ttia  essential  process  practically  used  to  obtain  the  barred  quan- 

# 

titles  is  as  follows?  the  N quantities  are  obtained  applying  the  method 

\ 

of  exact  fractions  after  preliminary  phase  correctiori  to  the  observed 
fractional  order  of  interference.  After  the  integral  orders  for  the 
various  wavelengths  have  been  chosen  applying  the  method  of  exact  frac- 
tions, N is  obtained  by  using  the  integral  N*  value  and  the  measured 
fractional  ort3.sr.  vide  Eq„  (2)« 

Wb  can  surprise  the  problem  of  determining  the  phase  shift  vs0 
wavelength  in  the  following  manner.  First  a calculation  of  5^  is  made 

«L 

from  electromagnetic  theory  and  corrections  applied  to  the  observed 

fractional  orders  of  interference.  The  method  of  exact  fractions  is 
now  applied,  which;,-  combined  with  the  preliminary  mechanical  me  a euro- 
reant  of  the  spsssjj  yields  N values  for  the  different  wavelengths  and 

'K- 

serves  to  give  a second  approximation  to  t , the  is*:chanical  length  of  the 
interferometer  spacer.  The  measured  fractional  orders  are  now  combined 
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Calculation  of  Phase  Change  on  Reflection  for  Dielectric  Films 

Fortunately  the  small  conductivity  and  freedom  from  significant 
absorption  greatly  simplifies  the  theoretical  procedure  for  the  calcu- 
lation of  phase  shift  and  reflectivity  of  dielectric  filmr  making  ”ss  of 
electromagnetic  theory.  If  it  were  possible  to  measure  the  film  constants 
with  the  requisite  precision,  we  could  rely  on  calculations  of  phase  shift 
with  couplets  confidence.  Since  we  cannot  make  these  film  constant 
measurements  precisely  enough-  it  will  oe  necessary  to  supplement  these 


measurements  by  phase  shift  measurements  and  thus  solve  our  problem 
with  the  theory  a guide. 

Several  mathematical  methods  are  available  for  the  solution  of 
our  problem  making  use  of  electromagnetic  theory.  Ihe  method  discussed 
by  Muchmore^  making  use  of  transmission  line  theory  seams  to  offer  the 
greatest  simplicity  for  the  iterative  calculation  of  the  phase  shifts, 
which  seems  desirable  for  our  particular  problem.  Leurgans^  has  given 
the  necessary  analytical  aquations,  which  via  shall  give  in  an  explicit 
form  suitable  for  iterative  optical  calculations.  Tho  general  equation 


can  oe  written  as: 
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where  1' 3E.X  when  s * 1. 
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Here  n_  refers  to  the  index  of  refraction  of 
8 


the  sth  medium.  If  one  wishes  tu  ue  Uu-miuo  y fu_.:  a reflection  air 
to  film  to  air,  the  calculation  is  made  starting  with  n «•  1 for  the 


substrate.  Hie  reflectivity  obtained  will  be  independent  of  the  direc- 


tion of 


the  calculation,  but-  the  phase  shift  is  not  symmetric  except 
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when  the  dielectric  sandwich  is  qyisaseirico  Here  t gives  the  thickness 
of  tha  film,  X the  wavelength,  and  T is  a vector-  which  is  a complex. 


quantity  in  general  for  e>i.  The  amplitude  reflectivity  R ia  given 

s 


by  the  expressions 

r — £k  — Vi. 
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In  general  R Is  a complex  quantity.  The  tangent  of  the  phase  angJje 
s 


produced  at  reflection  io  the  ratio  of  tlis  imaginary  to  real  port  of 


R and  the  reflectivity  ti  is  the  product  of  R and  its  eoaplex  cen.1uga.te  <> 

9 S'" 


Calculations 


The  theory  of  the  phase  shifts  in  dielectric  sandwiches  of  equal 
optical  thickness  predicts  that  a phase  shift  of  rp  = TToccurs  at  wave, 
lengths  for  which  nt  * k/h, > yk/ki  $k/k  etc.  If  measurements  can  be 
made  at  the  wavelengths  for  which  the  sc  called  quarter  wave  "matches** 
occur,  it  is  immediately  obvious  that  no  phase  correction  is  necessary 


fi 


i 5k  arc  both  sere.  Thus  ideally  for  example,  if  cur  ideal 


sandwiches  consist  of  films  of  optical  thickness.  3k$/h  at  5000  A and 
Xjj/ii  at  15,000  A,  no  phase  correction  tc  the  measurements  would  ba 
necessary.  Unfortunately  the  index  of  refraction  of  filming  materials 
is  not  constant  with  wavelength  and  it  is  not  possible  to  »iake  all  the 
films  composing  the  dielectr  •aw  w SJidw  2 . ches  identical  in  optical  thick- 
ness. la  addition,  even  If  ideal  conditions  with  regard  to  film  thick- 
nesses and  indices  of  refraction  did  hold,  it  would  not  be  possible  to 
find  two  wavelengths  to  measure  which  would  fulfill  the  idealized 
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conditions.  ncsreve r,  it  should  be  possible  to  make  Lhs  necessary  differen- 
tial corrections  for  the  departure  of  our  non  ideal  situation  by  obtain- 
ing imoanation  about  the  variation  cf  phase  shift  with  the  pertinent 
variables  in  the  neighborhood  of  the  match  points* 

In  Figo  1 we  have  shown  the  reflectance  curves  A and.  B calculated 
for  a 8 film  on  quarts  and  a triple  layur  of  ZiiS-HgFp-ZnS  on  the 
name  substrata  * Fig.  i,  curves  C and  B refer  to  the  phase  variation 
introducsc  on  reflection  occurring  respectively  in  the  & asm  filas  used 
to  construct  curves  A and  B.  The  following  constants  were  used  to  con- 
struct the  curves  shown  in  Fig.  Is  nrv,iaT.y..  « l*U5h,  * 2*26,  and 
nMeFo  " Ihe  value  of  nt  was  chosan  to  be  itf.83  A*  Reference  to 

Fig.  1 D shows  that  6/2n  changes  very  rapidly  with  wavelength  in  the 
neighborhood  of  the  3k/i*  match  point  and  much  more  slowly  at-  the  \/h 
match  point*  However,  multiplier  tubas  can  be  usad  aB  detectors  in  the 
visible  which  are  much  more  sensitive  than  PbS  detectors  necessary  in 
the  infrared.  Therefore,  it  is  felt  that  the  experimental  determination 
of  the  match  point  in  the  visible  can  be  accomplished  with  much  more 
than  the  requisite  accuracy  dictated  by  our  ability  to  determine  the 
infrared  match  point*  If  the  ideal  set  of  conditions  imposed  to  produce 
Fig-  1 were  strictly  operable,  it  would  only  be  necessary  to  determine 
one  of  the  match  points  to  uniquely  determine  6/ 2s  for  any  wavelength* 
However,  the  assumption  of  constant  index  of  refraction  at  all  wave- 
lengths is  not  strictly  correct  either  for  the  filming  materials  or 
the  substrate.  In.  addition,  nt  for  the  different  films  cannot  be  made 
identical  sxpe  ss  has  been  assumed  in  the  calculation* 


a:**. 


la  order  to  make  a cal  mors  oOiiSi  stent  with  the  actual 

composition  of  the  thin  filv.s,  ve  have  repeated  some  of  the  first  order 
calculations  in  the  neighborhood  of  the  match  points  allowing  for  dis- 
persion and  probable  inequality  of  film  thickness.  The  dispersion 

5 

d^ta  used  for  SnS  wars  measured  by  Kuwahara  and  isiguro  for  thin  films 
by  means  of  a photometric  nathod.  Since  no  dispersion  date,  for  HgF^ 
are  available an  assumption  was  made  that  the  dispersion  of  this  sub- 

A 

stance  in  identical  with  that  of  LiF,  which  has  been  measured  by  Durle.^ 

7 

The  value  used  for  for  KgF0  was  1.35*  that  obtained  by  Rood  from 

me&iu laments  on  thin  films.  The  index  data  usad  for  fused  quarts  were 
a 

tahen  from  Soaraan0°  &11  index  of  refraction  data  wsm  fitted  to  Cauchy 
disj arsicn  formulas  applying  the  least  mean  squarer  technique.  Actual 
indices  used  wars  calculated  from  the  Cauchy  coi^ctants  obtained  for  the 
various  materials. 

In  Fig.  2 A w ha vs  plotted  the  calculated  reflectance  curve  for 
a triple  layer  film  on  quartz  for  which  the  at  values  were  assumed  to 
be  identical  for  the  three  films.  The  match  point  for  the  3X/h  film 
thickness  was  assumed  to  be  5578  A,  Curve  B Fig.  2 has  been  calculated 
assuming  the  first  2nS  film  to  have  its  3X/U  match  point  at  5578  A. 

The  MgFg  film  and  second  «nS  film  have  their  respective  3X/U  match 
oint-3  at  5978  A and  536 3 A,  This  compotmd  fils:  yields  a resultant 
ten  point  identical  with  that  of  the  film  used  to  calculate  curve  A, 
•nfortunalely*  reference  to  Fig.  2 B shows  that  the  match  point,  i„e„ 
s wavelength  where  the  phase  shift  on  reflection  is  -it,  does  not 
csssarily  occur  at  the  same  wavelength,  for  which  the  reflectance  is  a 


maximum  if  the  films  are  of  unequal  optical  thickness^  It*  should  be 
pointed  out  that  if  all  fii*ti  *re  of  equal  optical  thickness  the  match 
point  and  the  maximum  of  reflectance  occur  at  tine  saws  wavelength* 

It  i*»  possible  by  virtue  of  the  high  reflectivity  produced  by  the 
sine  sulfide  layers  to  control  very  closely  the  thickness  of  those 
lay ars.  Howeverj  the  difficult  problem  in  producing;  such  a multilayer 
film  in  an  ideal  condition  rests  fundamentally  on  ability  to  make  ni 
nominal  for  the  HgFn  film,  since  the  minimum  reflectance  curve  is  very 
much  flatter  tnan  the  c or  re  sp  onri in^  curves  for  the  reflectance 

Since  it  is  only  possible  to  measure  reflectance  maxima  and  minima 
during  the  coating  process,  each  film  will  have  to  be  examined  In  suc- 
cession for  the  wavelength  at  which  the  maximum  or  minimum  of  refits 
aec-yre-  Whan  this  data  has  been  obtained,  it  will  then  ba  possible  to 
calculate  the  differential  phase  shift  with  regard  to  an  ideal  composite 
film  having  equal  nominal  optical  thickness  making,  up  its  composite  layers* 
Ihe  distortion  of  the  reflectance  curve  occasioned  by  non  ideal 

o 

film  thicknesses  has  previously  been  observed  experimentally  by  Dufour*' 
Curve  G in  Fig*  2 shows  the  calculated  phase  variation  as  & function  of 
wavelength  for  the  two  films  whose  reflectance  curves  are  A and  B 
respectively*  Within  the  accuracy  of  the  calculation  th«  phase  variation 
proved  to  be  identical  for  the  two  films  in  the  neighborhood  of  tb® 
match  point j 

ws  have  laid  the  theoretical  ground  work  for  the  determination  of 
wavelength  standards  in  the  infrarad  with  respect  t»>  known  wavelengths 
Li  the  visible  part  of  the  spectruiri  by  a strictly  interferometric  method  <> 


It  ha 2 been  shown  that  dielectric  films  can  b©  used  for  the  interfere- 
plate  coatings  and  ths  large  phase  correction  with  wavelength 
eliminated  except  for  differential  corrections  by  making  raeasurarsenia 
in  the  neighborhood  of  the  two  match  points  at  which  the  phase  shifts 
are  identical*  Ihe  accuracy  obtainable  by  this  method  (Should  depend 
•open  the  exactness  with  which  it  is  possible  to  determine  the  wavelengths 
at  which  the  effective  maximum  ?.nd  minimum  reflectances  of  the  e talon 
plate©  occur o We  are  not  in  a position  at  present  to  predict  the  probable 
error  in  wavelength  obtainable  by  the  method  discussed,  above,  since 
it  Kill  bs  necessary  to  prepare  two  xnterferoms ter  plates  with  identical 
coatings  in  order  to  obtain  tna  ms xiinuna  sensitivity  in  the  dstsiminatica 
of  ths  match  points , 

*»e  have  prssu.TB4  in  this  discussion  that  measurements  will  have 
ts  bs  ss,ds  in  the  most  ideal  manner  using  parallel  light  incident  on 
the  tnterfarciasier,  3r»  addition,  since  it  will  bs  necessary  to  use 
energy  measuring  devices  ft r detectors,  suitable  corrections  will  have 
to  be  applied  to  the  observed  maxima,  as  has  been  demonstrated  by  Hank 
and  Bennett  in  the  previous  paper. 
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Pigo  1 Curves  A and  3 show  the  theoretical  reflectivity  plotted 

vs.  wavelength  for  one  2n£>  Hiss  and  a triple  layer 

2rsS  - - gnS  film  on  a auart®  substrate;  Curves 

d 

C and  D respectively  shew  the  phase  variation  ±niro= 
ducsd  on  reflection  frost  *i r to  film  to  air  for  these 
films.  Constant  indices  were  assumed  and  the  optical 
thickness  of  all  films  was  chosen  to  be  I4I83  A- 

Fig,  2 Curves  A and  B shew  the  theoretical  reflectivity  plotted 
vs.  Wavelength  for  two  triple  layer  ZnS  - MgFg  - &n$ 
films  of  equal  and  unequal  optical  thickness  but  the 
saiaa  resultant  match  point  on  quarts  substrate  * Curve  C 
shows  u»e  phase  variation  on  reflection  from  air  to 
film  to  air  common  to  the  resultant  filsso 


3.0  MICRONS 


7 0 % | — H 2 0 


NOIlVIdVA  3SVHd 


o 


F i G V R E 


♦mrnmrr,'! in  nTC!*i»DTnti*MrmT  *»  tqv 

XLi  V>*tA.V>  ylUAil  aj>V  i.LV/il  iJJtOI 

•rare*  npMKTCVT^fi  mta  cnn  %>  ?wf  tn;ncrnv 

*.'*m  * uiiiik>j.Ai*niun  wi,»  ;,u  mci  « 

Ooiit-s  N6anr-26j*  xkak  CxtUsi  V 
NR  - OlS'-lil 

Govemacnt  distribution 

The  National  KLlitary  Establi  ehment 

Research  and  development  Board 
Pentagon  Bid, 

Washington  25*  D.C.  (2  copies) 

Department  of  the  Navy- 

Chief  of  Naval  Research 
Attn*  Physics  Branch 
Office  of  Naval  Research 
Washington  25*  DoC.  (2  copies) 

Director.  Navel  Research  Laboratory 
Washington  20,  D,C. 

Attn:  Technical  Information  Officer  (9  copies) 

ONE  Branch  Offices 

Commanding  Officer 

U.S  Navy  Ofi’iea  of  Naval  RAfiAarch 

Boston  Branch  Office 

h9S  Summer  StQ 

Boston  10,  Mass. 

Ganraanding  Officer 

U.S.  Navy  Office  of  Naval  Research 

Branch  Office 

3»*S  Broadway- 

New  York  23,  N.Yo 

Commanding  Officer 

i).S.  Navy  Office  of  Naval  Research 

Branch  Office 

American  Fore  Bldg,, 

ciii i worth  itusn  oc0 

Chicago  11,  111, 

Commanding  Officer 

U. S.  Navy  Office  of  Naval  Research 

«v. 

wi.  Vi  JL  i.UO 

8 01  Donahue  St. 

^•1  »■!  esrt'%  O !.  Mnl 

W*»/4  — -C  "IJU.H  UW  vtij.  2 

Qomiaanding  Officer 

V.  S„  Navy  Office  of  Mavy  Research 
Branch  Office 

1030  East  Green  Stc 
Pasadena  1,  Galt, 


Office  of  Assistant  Naval  Attache  for  Research 
Navy  Ho*  ICO 
Fleet  Post  Off!?** 

New  York,  N . Y o (2  copies) 

Director,  Naval  ha  search  Labora-toiy 
Washington  20.  ii-O, 

Attn?  D.  C.  Smith 

Chemistry  Division 

_ / 

Chief  of  Bureau  of  Ordnance 
Navy  Pcpto 
Washington  £S.  D.Ce 
Attn:  Reye 


Naval  Grdnauce  Laboratory 
Code  QSO,  Physical  Optics  Division 
Navy  Gun  Factory 
Vi&SaingliOU  ^ y 

Commanding  Officer 

Naval  Ordnance  Test  Station 

Inyokern,  CalQ 

Attn?  Br»  C.  T„  iilvey 

Department  of  Commerce 


Dire  ctor^ 

National  Bureau  of  Standards 

Washington,  B„C0 

Attn*  Dr„  V/.  F.  Meggers 

Atomic  Ener^  Commission  (1  copy  to  each) 

Ar gonna  National  Laboratory 

P,0c  Box  5207 

Chicago  80,  Ills 

Attn?  Bve  Hoylande  Bs  Toung 

UoS.  Atomic  Energy  Commission 
1901  Constitution  Ay® o , N.W» 
Washington  25,  D*G« 

* ■f  4>ri*  " m Vvwr 

« v M*  4 t ,~i  o tie  * * j 


Brockh'iV<ia  National  Laboratory 
lufcraation  and  r*ob3i cations  Division 
Doc 'assents  Section 
Upton,  N«Yp 

Attn:  Hiss  Rary  P0  Wsisman 


Carbide  and  Carbon  Chemicals  Division 

1^1,  n nt.  Rfi  ^ atvI  a Flfttvi 

'*-* ,-rwjf-w 

P.  0 . Box  P 
Ok  Did  ye , Tenn0 


•Jvrrt  in  + 

■miwii  w j 


fv 


25) 


General  t-Jectric  0oo 
Technical  Services  Division 
Technical.  Information  Group 
PoO.  Box  100 
Richland^  Wash- 
Attn:  Miss  M,  G<  Freid&nk 

Iowa  State  Collage 
?,0.  Box  1LA,  Station  A 

Asms  , Icwa 

Attn?  Dr.  F.  H.  Spadding 

Knolls  Atomic  Fewer  laboratory 
F.O.  Bos.  1072 
Schenectady,  N.,Y0 
Attention,  Document  Librarian 

Los  Alamos  Scientific  Laboratory 
r.O-  Box  1663 
Los  Alamos,  N.K* 

Attn:  Document  Custodian 

Mound  Laboratory 

u.S.  atomic  Energy  Commission 

F.Oo  Box  32 

Miarcisburg , Ohio 

Attn:  Dr.  M.  M«  Haring 

U.S.  Atomic  Energy  Commission 
New  York  (derations  Office 
P-0.  Box  30,  Anaonia  Station 
Men  Y°rk  23*.  Nr,Ys 

Attn:  Division  of  Technical  Information  and 

Declassification  Service 


Oak  Ridge  National  Laboratory 

rowo  uwa  r 

Oak  Ridge.  Term, 

Attn:  Gsntral  Files 

U.  S.  Atomic  Energy  Commission 

"L‘< rj.rary  Branch,  Technical  information 


04^4  a,.-.  •'*-»«.— 


Division. 


ORE 


University  of  California  Radiation  Lab  oratory 
Information  Division 
Room  126,  Building  55 0 
Bs rkeley , Cal „ 

Attn:  Dr.  R0  K„  Wakerling 

University  of  Rochester 
Atomic  Energy  Project 
?0  0o  Box  287 1 Station.  3 
Rochester  7,  N.Yo 

attn:  'fee  hr  deal  Report  Control  Unit 


• western  Reserve  University 

Axoruxc  Energy  Medical  Research  Project# 
Room  365,  School  of  Medicine 
Cleveland  6,  Ohio 
Attn*  Dr.  H.  L.  Friedell 

Westlnghouse  Electric  Corporation 

Atomic  Power  Division 

?.0.  Box  11*68 

Pittsburgh  30*  Fas 

Attn;  Librarian 

Non-Government  Distribution*  1 copy  to  each  name  listed 


University  of  Chicago 
Department  of  Physics 
Chicago  27,  111. 

Attn:  Dr©  R„  S.  Mullikan 

Dr.  John  R.  platt 

University  of  Minnesota 
Department  of  Chemistry 
Minneapolis*  Minn* 

Afctn;  Dr.  Bryce  L.  Crawford*  Jr. 

Harvard  University 
Department  of  Chemistry 
Cambridge*  Maes. 

A 4’  4-n  » TIt*  ?T  4*  c .Tv*  . 

-k  « W4  * Ui  * Jb*  ^ v-  o 

University  of  Wisconsin 
Department  of  Thy sics 
Madi  son  6.  Wis. 

Attnj  Dr„  Julian  E.  Mack 

Brown  University 
Department  of  Chemistry 
Providence  12*  JR*  I. 

Attn:  Dr.  Do  Hornig 

The  Johns  Hopkins  University 

Baltimore,  McU 

Attn  1 Dr s G.  H-.  uieke 

Louisiana  State  University 
College  of  Chemistry  and  Physics 
Baton  Rouge,  La. 

Attn;  Dr,  0.  A.  wanes 

Massachusetts  Institute  of  Tech „ 
Department  of  Physics 
Cambridge  39,  Mae;:, 

Atun?  Dr.  R.  0.  Lord 


University  of  California 
Department  of  Chemistry 
Bex  ke ley * Cal . 

Attn;  Dr.  K.S.  Pit?.er 

Dp.  v.  S*  McClure 

Mount  Holyoke  College 
South  Hadley,  Mass 
Attn;  Dr.  Lucy  Pickett 

Ohio  State  University 
Research  Foundation 
Columbus  10*  Ohio 
Attn;  Dr.  H,  L,  Johnston 

University  of  Southern  California 
Department  ox  Physics 
University  Fax’* 

Los  Angelos,  Cal. 

Attn;  Dr.  John  P-.  Holmes 

Carnegie  Institute  of  Tfec}inology 
Pittsburgh  13,  Pa. 

Attn:  Dr.  D.  3.  McKinney 

Dr„  R.  G.  Parr 

Catholic  University  of  America 
Department  of  Physics 
Washington  12,  S.C. 

Attn;  Dr.  C rl  A.  Beck 

Duke  University 
Department  of  Physics 
Durham,  N.C. 

Attn;  Dr.  H.  Sooner 

State  University  of  Iowa 
Plyr5i.cs  Department 
Iowa  City*  Iowa 
Attn?  Dr.  Arthur  Roberta 


University  of  Michigan 

Ann  Arbor-  Mich.- 

Attns  Dr.  B.BcBoMo  Sutherland 

University  of  Oklahoma 
Research  Institute 
''orman.  GklUi. 

Attn:  Di’»  J,  Rud  Nielsen 

Pennsylvania  State  University 
State  College,  Pa„ 

Attn:  Dr,  D.  H.  Rank 

University  of  Pittsburgh 
Physics  Dept. 

Pittsburgh  13,  Pa. 

Attn*  Dr.  Mary  Warga 

University  of  Ron  heater 
Chemistry  Department 
Rochester  3,  N„Y<, 

Attn?  Dr.  A.  So  F„  Duncan 

University  of  Texas 
Chemistry  Department 
Aviatin,  Texas 
Attn*  Dr„  F.  A-  Katsen 

University  of  Pennsylvania 
Ilasr  taani  of  Physics 
Philadelphia  ii,  Fa<. 

Attn:  Sr-  H.  3.  Gallon 


University  of  Washington 
Chemistry  Department 
Seattle,  Waaho 
attns  Dr,  R.  G.  Cross 

Dr.  George  3.  Harrison,  Doan 
School  of  Science 

Massachusetts  Institute  of  Technology 
Cambridge  35,  Mass. 

Dr.  V.Z.  Williams 
Physics  Division 
American  Cyanimld  Go. 

153?  West  wain  St. 

Stamford,  Conn0 

Jet  Propulsion  Laboratory 

bail  iomia  Institute  oi  xeennoiogv 

Pasadena,  Cal. 

Illinois  Institute  of  Technology 
Dept,  of  Physics , Technology  Center 
Chicago  16,  111. 

Altai  Dr.  f.  F.  Cleveland 


